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The behaviors of some partially migratory salmonids, at both the among- and within-
species levels, can be established early - on during their respective lives. For those species 
that have a plastic early life history in these regards, a variety of biological and environmental 
factors can result in some juvenile fish in a population to either stay resident within their natal 
streams or become migratory. This study examines the role of intraspecific competition as a 
trigger, either to remain resident or emigrate, for YoY (young-of-the-year) non-native 
(introduced) brown trout Salmo trutta found in a number of populations of selected natal streams in 
a large catchment in South Island, New Zealand. Brown trout are known to have the genetically-
mediated flexibility leading to the potential establishment of a variety of within-population 
alternatives for migratory life-history outcomes (e.g., stay put, move out of the immediate 
area, become anadromous). The role of positive feedback loops generated by parents that 
either stay to live out their whole lives within their natal stream, or leave either to go to other 
freshwater environments (other streams, lakes) or the ocean, before spawning and producing 
viable offspring is examined in this study. 
This thesis provides strong evidence for the role of competition in initiating 
downstream movement of YoY brown trout populations. These are mechanisms leading to the 
establishment of feedback loops between the migratory or resident life-histories of adults and 
the density of juvenile fish while they are stream rearing. Competition amongst juveniles was 
assessed by estimating and comparing the demands for energy and space of a number of 
rearing populations of YoY fish and the capacity of study stream to provide food and space. 
Stream-carrying capacity was estimated using data on fish-habitat suitability, invertebrate 
drift, energetic demand and the trophic selectivity of YoY trout. 
In the lowland reaches of my study catchment the population densities of YoY fish in 
their natal streams were generally high. I found the intensity of competition within this 
category of natal streams, amongst the high-density populations of the offspring of migratory 
trout, to also be high. Anadromy was the dominant life-history strategy for adult brown trout 
in these low-gradient, lowland streams. Along the lowland reaches, positive associations 
between YoY loss rate (driven by both emigration and mortality) and intra-cohort 
competition, were observed. The intensity of competition amongst YoY cohorts was primarily 
determined by temperature-mediated energy restrictions rather than territorial limitations. In 
contrast, in the headwater streams which are inhabited by resident trout, the abundance of 
YoY juvenile fish was relatively low, and there was no evidence to indicate that competition 
influenced the loss rate of these fish. Hence, based on the densities, competition and self-
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thinning of YoY brown trout, this suggests that the majority of the recruitment across the 
catchment was driven by the high reproductive inputs into lowland spawning grounds from 
adults with migratory life-history traits. However, an analysis of the recruitment sources of 
fish using otolith microchemistry indicated that a high proportion of adults reproducing in the 
coastal part of the catchment originated from the upland part of the catchment. This indicates 
that populations of anadromous and potamodromous brown trout are likely comprised of 
individuals originated from throughout the entire catchment. Most notably, the 
geomorphology of the landscape limits the upstream migration and spawning distribution of 
large fecund migratory trout due to physical barriers. 
These results highlight the genetically-mediated life-history flexibility of brown trout 
and their ability to shift between either migratory or resident phenotypes at early life stages. 
This flexibility is sustained even in populations that have originated from a likely-narrow 
genetic pool of introduced lineages of brown trout. Considering current changes in global-
climates, the findings of temperature-driven energetic restrictions on species distributions may 
be highly important for brown trout management and conservation in New Zealand and 
elsewhere. The observed flexibility in life-history traits and high straying from natal streams 
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Chapter 1. General introduction 
1.1 Migrations and alternative life-histories: why do some individuals migrate but others 
do not? 
Migration is a large-scale movement of individuals and a dominant feature of the life-
history of many species of some animals, providing an opportunity to explore a variety of 
habitats across landscapes and potentially respond to a changing environment. In contrast to 
dispersal, migration is directional movement and migratory species actively or passively 
travel towards to environments necessary for specific life stages which is beneficial for 
expansion of the range of such species across accessible habitat areas (Fryxell & Sinclair, 
1988; Nebel, 2010). Despite the energy costs, physiological stress and high mortality (new 
predators, parasites, diseases and other hazardous factors) related to migration, the benefits of 
migrations for growth and reproductive potential can be significant (Gross, 1987). Some 
migratory species have highly structured movements and undertake obligate migrations to meet 
the specific habitat requirements necessary for each life stage (Quinn & Myers, 2004). In 
contrast, other species demonstrate the phenomenon of partial migration, when the population 
consists of both migratory and resident individuals (Chapman et al., 2012). Partial migration 
is a widespread natural phenomenon resulting in niche partiotioning and often underlies 
speciation in some species (Secor, 2015). 
Species that are capable of partial migration are more flexible in response to 
environmental variation than species representing obligatory sedentary or migratory life-
histories. The adult stage of partially migratory species typically demonstrate the greatest 
range of phenotypic variation given their greater tolerance to environmental conditions 
(Spicer & Gaston, 1999). Partially migratory animals have the ability to create the feedback 
loops between adults and offspring necessary for establishing self-sustaining populations under 
different conditions (Velez-Espino et al., 2013). Many examples of partially migratory species 
have been described, from invertebrates (Hansson & Hylander, 2009) to fish (Gillanders et al., 
2015), amphibians (Grayson & Wilbur, 2009), birds (Sekercioglu, 2010) and mammals (Ball 
et al., 2001). 
Why some of the individuals within a species or a population migrate but others stay 
resident is often poorly understood, and the triggers driving the establishment of different life-
histories for this trait are not clear. Understanding the mechanisms underlying life-history 
choice in animals is central to understanding partial migration. 
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1.2 The role of early life stage migrations in adult life-history choice and main driving factors 
Early-life stage migration is particularly important in establishing subsequent life-
history patterns in partially migratory species including those that live in aquatic 
environments. Examples from various taxa include the corals (Jokiel, 1984), gastropods 
(Mitton et al., 1989), decapods (Sanvicente-Añorve et al., 2018), and fishes [reef fishes 
(Shulman & Bermingham, 1995), sturgeons (Gisbert & Ruban, 2003; Khodorevskaya et al., 
2009), tunas (Rooker et al., 2007; Kitagawa et al., 2010)]. During the movement at early-life 
phases, small individuals of a given species (from eggs to larvae to juveniles) may travel for 
thousands of km, and up to long-time periods, before they settle into a given location for a 
sustained time period. During this journey they can be affected by a variety of hazards and 
suffer from high mortality rates (Chambers & Trippel, 1997). Such high mortality can be 
associated with the limited tolerances of early life-stages to environmental conditions but is 
usually compensated for through the high fecundity of such animals (Bosch et al., 2014; 
Truebano et al., 2018). 
Partially migrating species can be phenotypically flexible in regard to the location 
where they reside and live soon after being born. Thus, they generally choose between either 
migratory or resident phenotypes early in their life-history (Watts et al., 2017). Once the 
strategy is chosen at an early ontogenetic stage, it is relatively fixed for the entire life of the 
individual (Chapman et al., 2012). The initial phase of migration occurs when an individual 
attains a genetically determined life-history threshold connected to both a specific physiological 
state and environmental conditions (Mohapatra et al., 2015). 
The main factors triggering partial migrations of early life stages of different species have 
been the focus of many studies (Chapman et al., 2012). The major causes driving some 
individuals to migrate and the others to stay resident can be associated with specific physical 
traits (condition factor, size, lipid content, diet, locomotion) (Gnanadesikan et al., 2017). 
These, in turn, could be linked to various external factors including: e.g., inter- and 
intraspecific competition (Lundberg, 1988), environmental drivers such as flow (Tissot et al., 
2017) and temperature (Aldven, Degerman, Hojesjo, 2015), seasonal dynamics of climate 
(Hegemann, Marra, Tieleman, 2015), predator pressure (Skov et al., 2011; Kimirei et al., 
2013) or parasite load (Boyle, 2008). 
1.3 Brown Trout phenotypic plasticity and triggers of juvenile migrations 
Brown trout Salmo trutta is an example of a species that exhibits partial migratory 
behavior (Lobón-Cerviá & Sanz, 2017). It exhibits remarkable phenotypic plasticity in this 
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characteristic (Elliot, 1994; Jonsson & Jonsson, 2011) including the capability to establish 
resident as well as various types of migratory life-histories. These include potentially using 
lotic, lentic, estuarine and marine environments. 
Currently, brown trout has been successfully introduced well beyond its native 
distribution in Europe into the temperate environments of all continents except Antarctica 
(Elliot, 1994). In these new habitats, the different life strategies were expressed in a relatively 
short time (Scott, 1964). This provides an example of the remarkable response by one species 
to various environmental conditions despite originating from a relatively narrow genetic pool 
of artificially stocked fish (Thomson, 1922; McDowall, 1994). Understanding the ability of 
brown trout to establish a variety of life-histories is a central focus of numerous studies 
examining the ecological mechanisms regulating an individual’s choice of either migratory or 
resident phenotype (e.g., Cucherousset et al., 2005; Dodson et al., 2013a; Jones et al., 2015). 
However, despite the ability of adult migratory brown trout adults to utilize a wide variety of 
environments, all brown trout require cool, well-oxygenated streams with suitable spawning 
gravels for reproduction and the development of early life-history stages. According to recent 
studies and theories, the decision of juvenile trout to leave the natal stream or not is 
genetically determined within partially migratory salmonids (Dodson et al., 2013a; Kendall et 
al. 2015; Ferguson et al., 2017). The decision to leave the natal stream occurs when a 
genetically based threshold is attained, linked to size, growth rate and lipid content at specific 
“decision windows”, often at a particular time of the year (Koski, 2009) and activated by 
expression of the genes initiating the secretion of specific proteins (Satterthwaite et al., 2009; 
Beakes et al. 2010). The primary factor in such genotype-environment interactions has been a 
focus of numerous studies. 
Several research directions can be distinguished from the studies attempting to 
determine the factors driving juvenile brown trout and other salmonids to choose a migratory 
life-history as an alternative to a stream resident life-history. Most research indicates that 
density-dependent competition is the most important factor. Density-dependent competition is 
strongly influenced by juvenile densities, which are determined by various factors including 
parental spawning investment (Elliot, 1994), food restrictions (Olsson et al., 2006; Wysujack et 
al., 2009; Jones et al., 2015) and territory limitations (Steingrimsson & Grant 1999). Other 
studies indicate a role for environmental factors such as flow (Hayes et al., 2010; Holmes et al., 
2014; Bergerot & Cattanéo, 2017) and temperature (Aldven et al., 2015). Some studies have 
also indicated interactions between both hydrological and anthropogenic factors (Tissot et al., 
2017). Also, Elliott (1987) and Vøllestad and Olsen (2008) verified a spatial shift of the 
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regulating effects of density-dependent factors to density-independent factors on juvenile 
brown trout population dynamics as environmental conditions change from optimal to severe.  
1.4 Aims of the study 
Using a series of in situ studies, this thesis aims to examine the possible mechanisms 
determining variation in the life-histories of brown trout and the partial migration of early life-
stages from nursery streams. The thesis also seeks to examine role of feedback loops between 
adults and offspring, interacting with landscape, in driving the distribution of migratory life-
histories at the catchment scale. The main research questions to be addressed are; 
• Are the spatial and temporal dynamics of YoY (young-of-the-year) trout populations 
determined by life-history of their parents (Chapters 2 & 3)? 
• Are the population dynamics of YoY brown trout in their natal stream driven mostly by 
density-dependent or density-independent factors (Chapters 2, 3 & 4)? 
• Does the availability of energy resources in natal streams affect the out-migration of the 
offspring of migratory and resident brown trout (Chapter 4)? 
• Does homing by migratory adult fish generate a positive feedback loop in their spawning 
grounds (Chapter 5)? 
Understanding the migratory potential and ecological plasticity of brown trout is very 
important for effective conservation and stock management of this species in New Zealand and 
elsewhere. Native European populations of brown trout are on the IUCN Red List (Freyhof, 
2011), but elsewhere it is  considered to be one of the most invasive species in the world 
(Budy et al., 2013), with strongly negative impacts on native species in New Zealand 
(McDowall, 2006; McIntosh et al., 2010; Jellyman et al., 2017; Jones & Closs, 2017). 
Notwithstanding the ecological impacts to indigenous species in introduced areas, brown trout 
have high economic significance sustaining valuable recreational fisheries (Jiang, 2015; 
Holmes et al., 2018). 
1.5 Study sites 
Taieri River Watershed 
The catchment of the Taieri River, which is the 4th longest New Zealand stream and is 
located in the south-eastern South Island, was selected as the study watershed (Figure 1.1). 
The choice to use the populations of brown trout in this river system to address the research 
questions was related to the following: 
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• no significant interspecific competition due to the absence of other competing salmonid 
species and a low abundance of native fish species, probably due to their inability to compete 
with invasive brown trout (McDowall, 2006; McIntosh et al., 2010; Jones & Closs, 2017); 
• relatively low pressure from aquatic and terrestrial predators (Jellyman et al., 2017);  
• low genetic diversity of brown trout in New Zealand (Berrebi, Schikorski, Mikheev, 
unpubl. data; A. Canning, personal communication, May 28, 2019) owing to the relatively 
recent introduction of brown trout from mixed European stocks (Thomson, 1922; McDowall, 
1994). 
Consequently, intraspecific competition and density-independent environmental 
variables are likely to be the dominant factors influencing the population dynamics of brown 
trout life-history in the Taieri River catchment. Below, I describe individual drainages within 
the Taieri River watershed which were the focus of these within-species comparisons. 
Taieri River (mainstem) 
The Taieri River is a 320 km long stream in the south east of the South Island, New 
Zealand (Figure 1.1). This catchment was chosen for this study given the coexistence of both 
resident and migratory life-histories of brown trout in it. Previous studies have demonstrated 
that the distribution of brown trout migratory and resident forms within this drainage is 
strongly regulated by geomorphology and human activity. Both of these aspects affect the 
accessibility of adult fish to various spawning tributaries for migrants from Taieri River 
estuary as well as the mainstem of the stream (Kristensen & Closs, 2008b; Kristensen et al., 
2011; Jones et al., 2019). 
The Taieri River rises to an elevation of 1150 m above sea level (a.s.l.) in the Lammerlaw 
Range (Lat.: -45.7182, Long.: 169.7352) and flows along an almost-circular path flowing firstly 
north and then southeast across the Serpentine and Maniototo Plains, around the Rock and Pillar 
Range, and across the Taieri Plains to reach the Pacific Ocean 32 km southwest of Dunedin. 
Most of the catchment (84 %) is located above 300 m (Taieri River, 2000). The catchment 
also has an area of 5650 km2, and this includes the driest region in New Zealand because of 
the rain shadow formed by the Southern Alps. For example, the Waipiata settlement located in 
central part of the catchment receives only 383 mm of annual rainfall although in the 
headwaters it is greater and can be up to 1800 mm/year. The evaporation rates in the inland 
part of the catchment are much higher in comparison to coastal areas due to warm strong 
winds in summer leading to periodic droughts (Taieri River, 2000). 
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Figure 1.1 The map of the Taieri River catchment and its location within South Island of New 
Zealand; the names of observed rivers and streams are highlighted by bold; the names of 
settlements are underlined; the three gorges highlighted by dashed-line area. 
Taieri River flows at the most downstream flow gauge (Taieri at Outram, upstream 
catchment of 4705 km2) normally range between 1.7 m3/s to 2526 m3/s with a median annual 
discharge (MAD) of 35.8 m3/s (Taieri River, 2000) (Figure 1.2). There are several flood 
events in Taieri catchment throughout the year with these discharges averaging 653 m3/s. Peak 
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flow events occurred in February 1868 –peak discharge 2000 m3/s, February 1877– 1650 m3/s, 
May 1917 – 1600 m3/s, May 1923 – 1150 m3/s, May 1940 – 1800 m3/s, May 1944– 1750 
m3/s, May 1957 – 2000 m3/s, June 1980 – 2526 m3/s, December 1993 – 1500 m3/s, July 2017 
– 2000 m3/s, November 2018 - 1420 m3/s (Figure 1.2). 
  
Figure 1.2 Photos of the mainstem of Taieri River at Outram (Figure 1.1), looking upstream, 
under median-flow conditions (29 m3/s) in Jan 2017 and during the flood in Jul 2017.  
The most significant of the Taieri River tributaries, by volume, include Kye Burn 
(catchment area 376 km2, MAD 13 m3/s), Deep Stream (379 km2, MAD 12 m3/s) and Waipori 
River (400 km2, MAD 11 m3/s) (Figure 1.1). The hydrological regime of the Waipori River is 
influenced by marine tides and an upstream hydroelectricity-generating dam (Litchfield et al., 
2002). Most of the inflowing tributary streams within the central part of the catchment are 
intermittent due to climate (e.g., lack of sustained rainfall) (Figure 1.3) and poor land-use 
practices and are not conducive to brown trout spawning and rearing, thus affecting survival 
and recruitment of this species. Intensive agriculture is another stress–factor for fish 
inhabiting the Taieri River catchment due to water withdrawal, nutrient and sediment inputs, 
and riparian-area destruction. The downstream reaches of most of this watershed are impacted by 








Figure 1.3 Photos of selected tributaries of Taieri River important for brown trout recruitment: 
a) Kye Burn near SH 85; b) Cap Burn near SH 87; c) Christmas Creek near confluence with 
Taieri; d), e) Pig Burn near Waipiata 2017 in January (seasonally dry) versus May (seasonally 
wet); f) Lee Stream headwaters showing intensive farming.  
Two natural lakes, Waihola and Waipori, occur within the Taieri River catchment. They 
are located on the Taieri Plain and represent a substantial element of the Taieri River estuary. 
Another two significant lacustrine waterbodies are located in the Taieri River catchment – 
Lake Mahinerangi which is on the tributary Waipori River and is formed by a hydropower 
dam, and Loganburn Reservoir created for hydropower and an irrigation scheme for the 
Maniototo Plain. Both the natural and artificial lakes are occupied by brown trout and represent 
significant recreational fisheries. 
The community of freshwater fish of the Taieri River catchment includes brown trout, 
introduced European perch (Perca fluviatilis), pouched lamprey (Geotria australis), shortfin 
eel (Anguilla australis), longfin eel (A. dieffenbachii), common bully (Gobiomorphus 
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cotidianus), redfin bully (G. huttoni), upland bully (G. breviceps), giant kokopu (Galaxias 
argenteus), banded kokopu (G. fasciatus) and inanga (G. maculatus). The native galaxiid fauna 
also includes the Taieri River catchment endemics, flathead galaxias (G. depressiceps), 
Eldon’s galaxias (G. eldoni) and roundhead galaxias (G. anomalus) (McDowall, 2010). 
Numerically, brown trout can be considered to be the dominant fish species across the 
catchment. 
Anadromous brown trout reproduce in the tributaries located below middle Taieri Gorge 
– the segment of the river between Strath Taieri valley and plateau and coastal Taieri Plain 
(Kristensen et al., 2011). Due to steep gradients and barriers to migration (waterfalls and 
cascades), very few anadromous adult brown trout can gain access upstream of the middle 
Taieri Gorge (Kristensen, 2006; Kristensen et al., 2011). The tributaries of the middle and 
upper parts of the Taieri River catchment are mostly used for reproduction by potamodromous 
or resident brown trout. The headwaters of the Taieri River tributaries are inhabited by 
stream-resident fishes that complete their entire life cycle in small upland streams (Huryn, 
1996; Kristensen & Closs, 2008b). 
Silverstream 
Silverstream (also known as Silver Stream) was chosen as the location for the fine-scale 
study of trout population dynamics as it is a tributary within the Taieri River watsershed 
(Figure 1.1). Silverstream is 30 km long and has a catchment area of 94 km2. It rises at an 
altitude of 580 m and joins the Taieri River at 4.6 m a.s.l., 29 km from the ocean. The fish 
fauna of the Silverstream is typical for Taieri River drainage, and brown trout is the dominant 
species throughout. Other species (European perch, common bully, pouched lamprey and 
Inanga) are rare and are most common near the confluence with the Taieri River.  Longfin eel 
is an exception to this pattern, and which can occasionally occur well upstream of its lower 
reaches. 
The hydrological regime of the Silverstream is highly variable, with occasional and 
potentially severe negative impacts on population dynamics of YoY trout due extreme flow 
events (Tissot et al., 2017). According to the data provided by Otago Regional Council, the 
median annual flow recorded in 2013-2017 varies between 0.33-0.56 m3/sec. The 7-day 
minimum annual low flow (MALF) occurs in summer - 0.09-0.18 m3/s. Floods are a regular 
occurrence in the Silverstream, and there are 5-15 small (2-20 m3/s) and 3-4 severe freshets 
(>30 m3/s) per annum. The highest recorded flows for this stream are: 96.5 m3/s (Jun 2013), 
128.4 m3/s (April 2014), 129.5 m3/s (June 2015), 35 m3/s (June 2016), 164.3 m3/s (July 2017) 
and 137.1 m3/s (November 2018). 
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Fine-scale data on YoY trout were collected monthly at three sampling sites located 
along the stream (Figure 1.4). These sites included reaches with differing land use, 
geomorphology, riparian canopy development, temperature regimes, and spawning 
distribution of different brown trout life-histories (Kristensen & Closs, 2008a).  
 
Figure 1.4 Map of Silverstream with study sites 1, 2 and 3 
The “Puddle Alley” site is located on the coastal Taieri Plain (Site 1, Lat: -45.8547, Long: 
170.3881) and at an altitude of 36 m a.s.l. (Figure 1.4, 1.5). At this location the stream is 
comprised of a meandering-gravel channel, with a slope of 1.18%, limited riparian shading 
and complex pools and riffles. The surrounding landscape includes intensive agriculture.  
The middle site (Site 2 “Scout Camp”, Lat: -45.8108, Long: 170.4225) of Silverstream 
is located in a piedmont landscape (stream surface altitude 95 m a.s.l., slope 2.21%) and is 
characterised by a well-developed riparian canopy (Figure 1.4, 1.6). Anthropogenic changes 
to the surrounding landscape are moderate.  
The most upstream headwater site (Site 3 “Swampy Spur”, Lat: -45.7718, Long: 
170.4571) is located at an altitude of 217 m a.s.l. (slope 7.05%) with the catchment dominated 
by native vegetation with minimal upstream or surrounding anthropogenic impacts (Figure 
1.4, 1.7).  
These three sites in Silverstream differ by water temperature, with a downstream 
increase in average values and amplitude of monthly fluctuations (Appendix B). Lower and 
middle stream reaches are used extensively for spawning by migratory brown trout from the 
mainstem and estuary of the Taieri River (Kristensen et al., 2011). The headwaters are 
inaccessible to migratory trout due to a weir (Lat: -45.77989, Long: 170.44552), constructed as 
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a part of Dunedin City’s water supply scheme in 1881 (Dunedin, 2018). Thus, only resident 
brown trout inhabit the headwaters upstream of the weir (Figure 1.7). 
 
Figure 1.5 Photo of Silverstream at Site 1 “Puddle Alley” looking upstream, under 
0.198 m3/sec flow in Jan 2017 (left) and looking downstream, under 0.303 m3/sec 
flow in Jul 2016 (right). 
 
Figure 1.6 The Silverstream at Site 2 “Scout Camp” looking downstream, under 
0.215 m3/sec flow in Jul 2016 (left) and looking upstream, under 0.165 m3/sec flow 
in Feb 2017 (right). 
 
Figure 1.7 The Silverstream at Site 3 “Swampy Spur” looking upstream, under 
0.092 m3/sec flow in Jan 2017 (left) and the weir (right). 
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1.6 Thesis structure 
• The aim of Chapter 2 is to fill the knowledge gap relating to the influence of abiotic 
and biotic factors on the temporal and spatial variation of population dynamics of YoY 
(young-of-the-year) brown trout across an extensive river catchment. I hypothesized that the 
temporal dynamics of YoY trout populations originating from the three different life-history 
types (residents, potamodromous and anadromous forms) will be diverse throughout the 
Taieri River catchment, with decreasing loss rates from the lower reaches of the spawning 
tributary streams to the headwaters. I further predicted that there would be a decline in the 
loss rate, going in an upstream direction, and this would be density-dependent, with reduced 
intra- and inter-cohort competition resulting in stable resident populations as one moves 
further up the watershed. 
• Chapter 3 aims to investigate the dynamics of YoY trout populations at a fine-scale 
within a single stream, to better understand the findings of Chapter 2 on population processes 
underlying the large-scale patterns examined at the Taieri River scale. I compared the 
variation in YoY trout population dynamics through the Austral summer at the lower, middle 
and upper reaches of Silverstream. Potential factors influencing fish population dynamics 
were assessed including: 1) density of eggs deposited by parents; 2) YoY trout density and 
migration rate, and 3) stream discharge and water temperature. I predicted that longitudinal 
variation in the abundance of YoY trout along Silverstream is primarily driven by the relative 
difference in parental spawning investment by migratory versus resident trout along 
Silverstream. I also predicted that the primary factors driving YoY trout population dynamics 
will change from downstream to upstream – with intra-specific competition (biotic) driving 
population dynamics in downstream reaches, and environmental factors (abiotic) driving 
population processes in the headwaters. 
• Chapter 4 tests the main hypothesis of the thesis, that intra-cohort competition drives 
YoY trout population dynamics and migratory decisions. The ratio of fish density to carrying 
capacity was used as a predictor for YoY trout loss rate through the summer at three locations 
along the model stream (Chapter 3). The carrying capacity modelling was based on habitat 
suitability and energetic demands and food limitations on YoY trout. I predicted that the 
effect of competition on YoY trout population dynamics would differ between populations of 
YoY originating from either migratory or resident life-histories. I also hypothesised that in 
spring, high densities of newly hatched YoY trout in the lower reaches of Silverstream cannot 
be supported by the existing resources available within the stream ecosystem. 
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• Chapter 5 aims to determine the source of brown trout adults reproducing in the 
Silverstream using otolith microchemistry as an analytical tool, to determine whether a 
positive feedback loop between migratory brown trout and YoY trout densities could drive 
life-history patterns at a landscape scale. Based on the Chapters 2 - 4, I expect young fish out-
migrating from Silverstream will return as adults to spawn, generating high YoY densities, 
thus creating a feedback mechanism that will drive competition and initiate juvenile 
outmigration. 
• Chapter 6 is a general discussion, summary and scientific & management implications 
of this thesis. 
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Chapter 2. The primary determining factors of the spatiotemporal 
dynamics of young-of-the-year brown trout populations in a large New 
Zealand catchment  
Abstract 
1 This study evaluated the key factors controlling the spatial and temporal dynamics of 
young-of- the-year (YoY) brown trout (i.e., density, loss rate and biological traits) through an 
Austral summer across the catchment of the 4th longest New Zealand River, the Taieri. Brown 
trout are the dominant fish species occupying the majority of the habitats throughout this 
watershed, from small upland tributary streams down through the main river and on to the 
estuary. 
2 The pattern of YoY brown trout population dynamics in its various tributary 
spawning streams depends on the specific life-history traits exhibited by the adults that use it 
for reproduction with the spectrum ranging from resident to anadromous spawners in the 
watershed. In populations generated from migratory adults, intensive loss rate in YoY fish is 
common, which contrasted with upstream populations where non-migratory resident fish 
dominated and no intensive loss rate occurred.  
3 The temporal dynamics of observed variables demonstrates that lower catchment 
populations, trout juveniles in the Taieri River watershed are characterized by high densities 
and biomass of fish early in the season. Because of high competition, leading to emigration, 
there were substantial decreases of fish abundance by later in the season. In contrast, in upstream 
parts of the Taieri River watershed, low densities and biomasses of trout were observed year-
round. 
4 The significant correlations of YoY density, biomass and YoY cohort proportion with 
the geomorphology of the catchment during the early season disappears by late summer/autumn. 
This indicates that, despite their original circumstances, all stream populations of brown trout 
YoY tend to form instream rearing populations with multicohort structure, among-season 
reduction in densities, and thus minimize competition level as the fish get older and larger. 
2.1 Introduction 
Migratory species, over a range of taxonomic groups, can utilise a variety of habitats 
at different life stages, significantly increasing their overall range and the success (Fryxell & 
Sinclair, 1988; Nebel, 2010). Despite the energetic costs, physiological stresses, and high 
mortality related to changing environments (e.g., new predators and parasites, osmoregulatory 
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stress, and other hazardous factors), the benefits of migration to new locations for growth and 
reproductive potential are well known (Gross, 1987). For some species migrations are 
obligate, with different life stages requiring specific conditions (Quinn & Myers, 2004). Other 
species demonstrate the phenomenon of partial migration, where some individuals undertake 
typical migrations, while others remain resident, or utilise a variety of alternative migratory 
life-histories (Chapman et al., 2012). Species capable of partial migration are more plastic in 
their adaptation to a given environment than obligate migratory species, and may be highly 
successful due to their ability to create feedback mechanisms which establish self-sustaining 
populations under different conditions (Velez-Espino et al., 2013). The phenotypic canalization 
of partially migratory species usually occurs during the early life-stages (Chapman et al., 2012), 
which have reduced tolerance limits to environmental variation relative to adults (Spicer & 
Gaston, 1999; Bosch et al., 2014; Truebano et al., 2018). 
Brown trout Salmo trutta exhibit a diverse range of life-history strategies and 
phenotypic plasticity (Elliot, 1994; Jonsson & Jonsson, 2011). In a single river basin, the life- 
histories of brown trout are typically spatially structured and comprise three major forms: 1) 
the upland part of river catchments inhabited by low-density populations of resident fish 
completing their entire life cycle in their natal stream; 2) river mainstem and lakes within the 
catchment populated by freshwater migratory (potamodromous) brown trout; and 3) fast-
growing anadromous forms that migrate from the freshwater to brackish estuarine and 
saltwater marine environments and return to their natal streams to spawn (Jonsson & Jonsson, 
2011). However, despite the broad range of habitats that can be exploited by this species, all 
adults must spawn in cool well-oxygenated, usually-headwater, streams with gravel substrata. 
Fish representing the different life-histories can interbreed, mixing at the spawning grounds in 
the streams, with each form arising from the same genetic pool (Charles et. al., 2005; Railsback 
et al., 2014; Ferguson et al., 2017). 
The abundance of headwater stream resident trout is generally relatively low, with 
their biomass presumably corresponding to the carrying capacity of their local environment, a 
pattern known as resource-matching (Railsback et al., 2014). In contrast, large migratory fish 
that migrate into headwater streams from productive lowland, estuarine and marine systems, 
for spawning, bring with them a significant resource subsidy from downstream in the form of 
body mass (Flecker et al., 2010). Consequently, these fish can produce large numbers of eggs, 
generating the potential for very high densities of juvenile fish that would normally rear near 
the natal areas, after emergerce. The high densities of rapidly growing juveniles in or around 
the spawning grounds leads to a high demand for food and space of offspring that might not 
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be sustainable in these less-productive headwater stream ecosystems. A consequence of this 
increasingly intense competition for food and space when the carrying capacity of the habitat 
is reached is the self-thinning phenomenon, where young fish out-migrate when the 
juvenile salmonid biomass exceeds the available food supply and space (Keeley, 2003; 
Lobón-Cerviá, 2008; Hayes et al., 2010). 
The actual decision to leave the natal stream is not determined genetically within 
salmonids (Satterthwaite et al., 2009, Dodson et al., 2013a; Kendall et al. 2015; Ferguson et al., 
2017) but by the different environmental cues triggering juvenile out-migration (Bergerot & 
Cattanéo, 2017). The initial phase of migration occurs when fish attain a genetically 
determined threshold linked to size, growth rate and lipid content at specific “decision 
windows” that are also linked to season (Satterthwaite et al., 2009; Beakes et al. 2010). 
However, the environmental factors influencing the genotype-environment interactions are 
still not clear. Some studies suggest that the most important factor driving residency or 
anadromy is competition, with energetic constraints driving downstream migration even 
where fish originate from a single genetic pool (Bohlin et al., 1994, Elliot, 1994; 
Steingrimsson & Grant 1999; Olsson et al., 2006; Wysujack et al., 2009; Jones et al., 2015). 
Others suggest that abiotic factors, such as flow, are more important, resulting in strong 
positive correlations between juvenile trout out-migration and stream discharge (Allen, 1951, 
Hayes et al., 2010; Holmes et al., 2014; Tissot et al., 2017; Bergerot & Cattanéo, 2017). 
Brown trout are now globally distributed, and their spatiotemporal dynamics have 
been well studied in their native range (Lobón-Cerviá & Sanz, 2017), but less so where they 
have been introduced. In New Zealand, the seasonal dynamics and spatial variation of brown 
trout juvenile populations have been described for just one coastal stream (Kristensen, 2006; 
Kristensen & Closs, 2008a) and for one larger river (Hayes, 1995). Jones and coauthors (2019) 
also conducted a broad landscape-scale study of trout population structure in a large river 
catchment, but temporal variation was not assessed. To date, no research has investigated the 
triggers driving spatiotemporal dynamics of brown trout juvenile populations within a large 
river catchment where all life-history strategies coexist and reproduce. 
New Zealand represents a perfect opportunity for studying brown trout life-history, as 
the population is derived from stocks introduced and spread by Acclimatisation Societies from 
1864 to 1965. The strains used for the initial propagation of the species across New Zealand 
originated from mixed European stocks (Thomson, 1922; McDowall, 1994). Subsequently, 
naturalized populations of the species have established a range of migratory and resident life-
histories at various locations across the landscape (Jones & Closs, 2017). I chose the 
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catchment of the Taieri River (Otago, New Zealand) as a model system for studying the 
variability in population dynamics of brown trout juveniles in relation to the resident and 
migratory life-history status of adult fish cohabiting across the catchment. Previous studies 
demonstrated that the distribution of brown trout migratory and residential forms throughout 
the catchment is strongly regulated by the geomorphology and access to the spawning habitat 
by adult fish (Kristensen & Closs, 2008b; Kristensen et al., 2011), particularly by the presence 
of barriers preventing  reaching headwater spawning grounds by anadromous migrants (see 
Bohlin, et al., 2001). Where large migratory adults can access spawning habitat, high spring 
densities of juveniles (usually in lowland river reaches) result, and rapid out-migration occurs 
during the subsequent months (Einum et al., 2006; Landergren, 2004). The upper reaches of 
the streams which are used for spawning by resident trout are characterized by low YoY 
(young-of-the-year) trout density early in spring and limited variation in trout abundance over 
the annual cycle (Kristensen & Closs, 2008a). 
I hypothesized that the spatiotemporal dynamics of YoY trout populations originating 
from the three different life-history types (residents, potamodromous and anadromous forms) 
will be diverse throughout the Taieri River catchment, with decreasing loss rates from the 
lower reaches of the spawning tributary streams to the headwaters. I further predicted that there 
would be a decline in the loss rate, going in an upstream direction, and this would be density-
dependent, with reduced intra- and inter-cohort competition resulting in stable resident 
populations as one moves further up the watershed (Kristensen et al., 2011). I examined 
relationships between the geomorphology of the Taieri River catchment in relation to the 
spatiotemporal dynamics of YoY trout (e.g., on loss rate intensity and dynamics of trout cohort 
structure). The elevation of the sampling locations above the Taieri River mainstem was 
expected to be a major predictor influencing YoY trout abundance and biomass (Jones et al., 
2019). Finally, to determine if competition drives out-migration of YoY brown trout when the 
density excess habitat capacity, I determined if initial YoY density in spring and related 
factors affected the loss rate, fish size and dynamics of the proportion of YoY trout to other 
cohorts. 
2.2 Materials and methods 
2.2.1 Study area 
For this study, data on YoY trout were collected in 2016-2017 from 13 tributaries of the 
320-km long Taieri River, the 4th-longest New Zealand river, located in the south-eastern part 
of the South Island (see Figure 1.1). The distribution of brown trout life-histories within the 
catchment is affected by its geomorphological diversity as the Taieri River flows through three 
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gorges, formed at the locations where the river passes rock formations separating one inland 
peneplain from another.  
To examine the influence of habitat on brown trout traits and population dynamics, the 
physical habitat of each study site was assessed at multiple stream reaches using published 
protocols (Jowett et al., 2008; Harding et al., 2009; Bouwes et al., 2011). All mesohabitats 
were classified to three basic groups – riffle, run and pool (Jowett, 1993). To standardise this 
description procedure, each stream segment was selected to include at least two pools if 
possible. 
To evaluate the effect of different environmental characteristics on juvenile trout 
population dynamics, the parameters important for stream salmonids (Näslund et al., 1998; 
Heggenes et al., 1999; Santiago et al., 2015) were assessed for each of the mesohabitat type: 
area, average and maximum depth, water velocity, the proportion of mesohabitat area with 
possible trout cover (wooden debris, macrophytes, overhanging vegetation and undercuts, 
cobbles and boulders not embedded in fine sediments), and the percentage of shaded area. Bed 
substrate composition was described following the Wentworth scale and evaluated visually as 
a proportion of bedrock, boulders (particles with size >256 mm), cobbles (64–256 mm), 
gravel (2-64 mm), sand and silt (<2 mm). Substratum compactness was estimated by a four-
grade scale with assessment from 1 (weak) to 4 (tight) (Harding et al., 2009). For water 
velocity measuremwnts March McBirney Flo-Mate Model 2000 was used. For calculation of 
mean water column velocity, 5 measurements in equal intervals from bottom to the surface 
were performed at the points with the highest flow of observed habitat. Habitat descriptions 
were performed at base-flow conditions. Water temperature data were collected hourly by 
HOBO 64K-UA-002-64 loggers between the first and last sampling of each site except for the 
Kye Burn and Waipori River, due to equipment loss. A quantification of key physical 
characteristics (e.g., water depth, velocity, substrate, cover) for the mesohabitats of assessed 
segments in the study areas of my studied streams is in Appendix A. 
2.2.2 Fish sampling 
To estimate the temporal dynamics of brown trout juvenile populations across the Taieri 
River catchment, fish data were collected twice. The initial sampling was conducted during 
Austral spring and summer when YoY trout density is the highest (Kristensen & Closs, 
2008a), and then subsequently in autumn, after out-migration of YoY fish from the spawning 
tributaries had potentially occurred. One location per stream was observed except 
Silverstream where lower (1), middle (2) and upper (3) reaches were sampled (Table 2.1).  
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Table 2.1 The list of sampling locations with geographical coordinates, sampling dates and 
physical characteristics used for evaluation of the effect of different environmental 
characteristics on YoY trout population dynamics.  
















between the 1st and 2nd 
samplings, oC 
Mean SD  
Cap Burn  -45.26 170.26 26-Nov 8-Mar 8 0.48 46 14.1 2.4 
Christmas Cr. -45.71 170.35 5-Jan 11-Apr 4 0.75 75 13.2 2 
Deep St. -45.67 169.98 26-Dec 25-Apr 282 0.48 38 12.7 2.4 
Kye Burn -45.09 170.23 26-Nov 7-Mar 80 0.61 12   
Lee St. -45.77 169.97 28-Oct  428 0.69 52   
Nenthorn St. -45.45 170.34 21-Dec 8-Mar 218 0.51 46 14.6 2.5 
Scrub Burn -45.32 170.25 9-Jan 25-Apr 34 0.53 60 13.6 2.1 
Serpentine Cr. -45.45 169.79 25-Nov 7-Mar 32 0.63 34 11.9 2 
Silverstream (1) -45.85 170.39 18-Oct 28-Apr 36 0.75 52 13.9 2.3 
Silverstream (2) -45.81 170.42 25-Oct 29-Apr 95 0.65 44 11.4 1.2 
Silverstream (3) -45.77 170.45 7-Nov 18-Mar 217 0.72 43 10.7 1.5 
Sow Burn -45.24 170.04 13-Jan 25-Apr 29 0.44 3 12.4 1.7 
Styx St. -45.42 169.94 20-Dec 25-Apr 3 0.89 61 11.4 2.3 
Sutton St. -45.61 169.92 20-Dec 7-Mar 359 0.55 18 12.3 2.8 
Waipori River -45.92 170.06 30-Dec  19 0.61 33   
 
Brown trout density assessments were conducted via electrofishing. Fish were sampled by 
Kainga EFM 300 backpack electro-fisher (NIWA Instrument Systems, Christchurch) with 200-
600 V pulsed DC current. Both Zippin’s three-pass removal method (Zippin, 1956) and 
single-pass electrofishing were used. Three-pass sampling was applied for sampling minor 
spawning tributaries with bank width up to 5 m and where sampling of all types of habitats 
was achievable. At each habitat type, stop nets were set upstream and downstream of habitat 
borders, and the enclosed habitat was electrofished (Zippin, 1956). To ensure data were 
comparable from streams with different habitat heterogeneity, habitat-specific density data 
evaluated by the Zippin method were extrapolated to the area of studied stream reach based 
on area of three habitat types (Appendix A.). In larger stream reaches with low fish density 
and extended electrofishing area, the application of Zippin’s three-pass removal method for 
density evaluation was impractical. At these streams single-pass removal method was 
employed due to its higher efficiency when sampling large areas, and its ability to 
approximate fish density without accounting for habitat complexity (Foley et al., 2015). The 
single-pass removal was used for each habitat type without stop net deployment. To unify the 
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data obtained by both methods, single-pass data were converted to density values which could 
be estimated by “Zippin’s” three- pass removal method and calculated using linear 
regressions (Kruse et al., 1998) from observed data. For this, I used the data collected on 
streams where three- pass removal was applied. Also, I used the data collected at an example 
stream reach located at Silverstream (site 2) which was sampled at Oct 2016, Feb 2017, Mar 
2017 and May 2017. The habitat specific data on both “singe-pass” and “three-pass” density 
was extracted from the dataset and used for developing linear regressions, which then were 
applied for the conversion. 
To examine fish size and biomass at each site, captured juvenile individuals were 
measured (fork length ± 0.1mm) and weighed using a digital pocket scale (accuracy ± 0.01 g). 
To reduce stress for the fish during these procedures, juveniles were immersed in a solution of 
AQUI-S® fish anaesthetic before measurements and released unharmed after they had 
recovered. If a fish was sighted during sampling but not captured, it was counted and 
classified to one of three groups: YoY, age ≥1+, and adults. The classification was based on 
visual observation of the size of the fish and a clear difference in size between cohorts (Lund 
et al., 2003). 
2.2.3 Laboratory fish processing 
To clearly distinguish between different juvenile trout cohorts where size distributions 
overlapped, a sample of juveniles that were captured during the field sampling were retained 
for age determination. Fish were euthanised by an overdose of AQUI-S® fish anaesthetic and 
preserved in 70% ethanol, followed by measurement (± 0.1 mm), weighing (± 0.01 g) and 
sagittal otolith extraction in the laboratory. Otoliths were cleaned of adhering tissue, air dried, 
and then mounted flat on a standard glass microscope slide using thermoplastic resin 
(Crystalbond 509). Each side of the otoliths was polished using fine sandpaper (P1500 and 
P2000 grit) and abrasive lapping film (30 and 3 µm, 3M). Age identification was completed 
by light microscope Olympus SZ51 under magnification 10 – 40X. 
2.2.4 Data analysis 
To determine the temporal dynamics of brown trout YoY across the Taieri River 
catchment, the loss rate of YoY density (LR, % day-1), reduction of YoY biomass (BR, % 
day-1) and dynamics of YoY proportion compared to the rest of the brown trout cohorts (PR, 
% day-1) were calculated using the formula: LR (BR, PR) = [(ln X0 – ln Xt)/t] × 100, where X0 
is the initial density in ind./100 m2 (biomass in g/100 m2, proportion from 0 to 1); Xt is the 
final density (biomass, proportion), and t is the number of days between sampling dates. For 
21  
conversion of single-pass abundance data to values of density which can be evaluated by 
three-pass removal following formula was applied: TP=1.775 SP+0.020, R2= 0.96, where TP - 
density which can be calculated by three-pass removal method (ind./m2), and SP - single-pass 
abundance (ind./m2). To evaluate differences in fish size and individual mass across the 
landscape separately for spring/summer and autumn data, one-way ANOVAs with Tukey 
HSD test were applied. Eta-squared (Ƞ2) were computed for effect size estimation. The data 
on individual YoY trout size and mass were used as a response variable and 13 sampling sites 
were chosen as a categorical variable. The data were normalised by ln or 4th root 
transformation if necessary. Homogeneity of variances were tested by Levene’s test. The aov, 
etasq, leveneTest and TukeyHSD functions in R version 3.4.3 (R Core Team 2017) were 
applied. 
To assess the effects of the abiotic and biotic factors on spring/summer and autumn values 
of YoY density, biomass, as well as loss rate, and temporal dynamics of juvenile trout cohort 
structure, multiple linear regressions were calculated using the lm package in R. To evaluate 
the effects of environmental factors on juvenile trout density and biomass, the altitude of the 
sampling location above the river mainstem was used, plus several other factors known to be 
important for juvenile trout: the proportion of cover, water velocity on riffles, and riffle 
distribution. To estimate effects of environmental factors on loss rate and temporal dynamics 
of juvenile trout cohort structure, the site altitude above the mainstem, shelter availability, mean 
water temperature and its standard deviations and their interactions were considered as 
predictors into the model. The mean and SD of water temperature estimated during the period 
between the two sampling occasions was used. A loss rate and temporal dynamics of juvenile 
trout cohort structure were chosen as a response variable. To test the hypothesis that 
competition drives out-migration, the density, size of the fish and the YoY proportion of 
previous cohorts in spring/summer were used as predictors for loss rate (for both density and 
biomass) and cohort structure dynamics. The effect of initial density and cohort structure on 
fish size data collected at the spring/summer sampling was also examined. 
The data were checked for normality prior to analysis and transformed if necessary, by 
fourth-root or ln-transformation. For testing collinearity, the variance inflation factor (VIF) was 
used by employing the vif package in R. Following the rule of thumb, variables with a VIF 
value > 10 were removed (James et al., 2014). The best fitting model was evaluated using the 
step function in R. The model choice was based on the lowest AIC score following a backwards 
stepwise procedure, starting with the saturated model and then removing predictors one by one. 
Residuals were plotted against predictors and Q-Q plots were used for checking normality of 
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residuals. Residuals versus leverage plots with calculation of Cook’s distance were used for 
identifying influential outliers in a set of predictor variables. For this study, a confidence level 
of 95% (α = 0.05) was applied. 
2.3 Results 
2.3.1 Abiotic variables 
The density of YoY brown trout varied significantly within the studied stream sites in 
spring/summer and was reduced at most sites by autumn (Table 2.2). YoYs dominated the trout 
populations at the majority of sampling sites compared to older cohorts. However, no YoY 
brown trout were detected in Lee Stream (which was only sampled in spring). 
Table 2.2 Characteristics of young-of-the-year brown trout in sampling locations in Austral 
spring/summer and autumn of 2016-2017. 
Location 
Density of YoY 
trout, ind./100m2 
Proportion of YoY 
trout, % 
Biomass of YoY 
trout, g/100m2 




























Lee St. 0   0   0     
Nenthorn St. 3.24 1.82 0.75 90 96 -0.08 6.20 10.56 -0.69 56.0 
(23,12.0) 
78.0 
 (25, 7.2) 
































Waipori River 0.27   30   0.54   57.6 
(2, 3.1) 
 
Notes: 1 – first sampling, 2 - second sampling. LR, is loss rate, BR is reduction of YoY biomass and PR is 
dynamics of YoY proportion compared to the rest of the brown trout cohorts. Size of the fish presented as 
mean with number of measured individuals and standard deviation in brackets. 
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YoY trout density estimated in spring/summer was significantly negatively associated (t = -
3.32, p = .014) with the altitude of the sampling sites above the confluence of the spawning 
tributary with the Taieri River (Figure 2.1a). Significant relationships between spring/summer 
juvenile trout density and several abiotic factors were identified. Positive effects were established 
for riffle flow velocity (t = 3.28, p = .013) (Figure 2.1c) and the distribution of cover at the runs and 
riffles (t = 5.39, p = .001). A negative relationship was found between fish density and riffle 
proportion (t = -7.66, p = <.001). The best-fitting model explaining the effect of environmental 
characteristics on biomass of YoY trout included the proportion of area with cover (t = 2.22, p = 
.026) (Table 2.3). In autumn, no significant relationships between any of the measured 
environmental factors and juvenile trout density or biomass were found (Figure 2.1b).  
  
             
Figure 2.1 Brown trout YoY density (4th root transformed) in spring/summer (a) and autumn (b) 
in relation to the elevation above the Taieri River main stem and current velocity at the riffles 




Current velocity at the riffles, m/s 
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Table 2.3 Models explaining the spring/summer values of YoY trout characteristics and its 
spatiotemporal dynamics in the Taieri River catchment based on Akaike's information criterion 
(AIC), with selected models for each fish response variable in bold.  
Models and variables AIC 
Relationships of abiotic predictor variables with YOY response variables  
Density ~ altitude + velocity*riffle + cover 105.8 
Density ~ altitude + velocity + riffle + cover 102.4 
Biomass ~ altitude + velocity + riffle + cover 46.5 
Biomass ~ cover 38.5 
LR ~ altitude + ToC mean + ToC SD -8.87 
LR ~ altitude * ToC mean + ToC SD -22.35 
PR ~ altitude + cover * ToC mean * ToC SD -44.44 
PR ~ altitude + cover + ToC mean + ToC SD -46.53 
Relationships of biotic predictor variables with YoY response variables  
LR ~ density + YoY proportion+ PR + size + Density* YoY Proportion + Density*PR -69.82 
LR ~ density + YoY proportion -72.04 
BR ~ density + YoY proportion + PR + size + Density* PR + YoY Proportion*PR -14.43 
BR ~ density + YoY proportion + PR -18.27 
PR ~ density + Prop + size -39.63 
PR ~ YoY Proportion -40.44 
Size ~ density * YoY Proportion -30.39 
Size ~ YoY Proportion -31.92 
YoY proportion ~ density + biomass -36.21 
YoY proportion ~ density * biomass -44.74 
Notes: velocity was measured at the riffles; cover – proportion of cover at the runs and riffles; ToC mean and 
ToC SD is an average and standard deviation of water temperature data collected during the period between 
sampling events (Table 2.1). 
 
The temporal dynamics of YoY response variables were significantly predicted by the 
altitude and related factors. Thus, the loss rate expressed as seasonal reduction of fish density 
was significantly and negatively related to altitude (t =- 4.17, p = .014) (Table 2.3, Figure 
2.1d). Mean water temperature was significantly negatively related to loss rate in combination 
with altitude only. The rate of total fish biomass reduction showed no significant correlations 
with the studied environmental factors. The proportion of YoY brown trout to elder cohorts 
substantially changed in autumn at lowland but not upland sites. This was demonstrated by 
significant negative effect of altitude (t = -3.69, p = .005) on rate of cohort structure dynamic 
(PR). Besides, the cohort structure dynamics was negatively related with cover distribution (t 
= -3.04, p = .016), mean temperature (t = -2.01, p = .078) and its standard deviation (t = - 
2.20, p = .059), although the latter two factors had p – values slightly above 0.05 (Table 2.3). 
No significant relationships between individual size or biomass of YoY trout with 
environmental characteristics were observed in either spring/summer or in autumn, regardless 
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of significant differences among sampling locations for fish size (ANOVA, F 13.312 = 116.6, p 
= < .001) and mass (ANOVA, F 13.312 = 76.05, p = < .001). However, in autumn the variance 
and the level of the difference of these two fish response variables between the sampled sites 
was reduced meaningfully, according to the drop of F-value for both size (ANOVA, F 12.355 = 
55.17, p = < .001) and biomass (ANOVA, F 12.355 = 44.53, p = < .001). The Eta-squared value 
(Ƞ2) demonstrated the same pattern. The seasonal reduction of effect size of sampling location 
was evaluated for both fish size (Ƞ2 = 0.83 at spring/summer; Ƞ2 = 0.65 at autumn) and mass 
(Ƞ2 = 0.76 at spring/summer; Ƞ2 = 0.60 at autumn). 
2.3.2 Biotic interactions 
The pattern of YoY brown trout population dynamics in the Taieri River catchment was 
strongly associated with fish abundance and cohort structure in spring/summer. The loss rate, 
expressed as the seasonal reduction of fish density (LR) and biomass (BR), was significantly 
positively affected by the initial values of fish density (t = 2.38, p = .038 for LR and t = 2.55, p 
= .031 for BR) and the proportion of YoY trout to older cohorts (t = 3.90, p = .003 for LR and 
t = 4.92, p = .001 for BR) at early season (Table 2.3, Figure 2.2a). 
The best-fitting model describing the effect of initial density and cohort structure on PR 
value and size of the fish in spring/summer showed that only YoY proportion compared to the 
rest of the brown trout cohorts in spring/summer was a significant predictor for these response 
values. It was negatively related to size of the fish in spring/summer (t = -2.78, p = .018) but 
positively associated with a dynamics of YoY proportion (t = 2.53, p = .03) (Table 2.3, Figure 
2.2b). 
Significant relationships between the studied YoY response variables observed for the 
spring/summer data were not repeated for the same response variables in the autumn data. 
  
Figure 2.2 Proportion of YoY trout versus biomass reduction rate BR (a) and cohort structure 
dynamics PR (b)  
 




The results of this study confirm a strong negative relationship between YoY trout 
density and the loss rate with altitude upstream of the the mainstem Taieri River. This lends 
credence that the patterns seen in previous studies are a consequence of stable upland trout 
populations and highly dynamic lowland populations dominated by the spawning produciton 
of large migratory trout (Kristensen & Closs, 2008a; Jones et al., 2019). Consistent with other 
New Zealand studies, the annual decline rate of juvenile YoY trout abundance following their 
emergence from gravel is positively associated with initial densities of this cohort of fry 
(Hayes, 1995; Kristensen, 2006). Similar dynamics have been observed for brown trout in their 
native range in Britain (Environment Agency, 2003) and Sweden (Bohlin et al., 2001; Olsson 
& Greenberg, 2004), and for other salmonids with an extended freshwater juvenile stage 
(Flitcroft et al., 2012; Foley et al., 2018). Additionally, YoY trout density and biomass were 
best predicted by site elevation but also by habitat characteristics, including velocity, riffles 
proportion and shelter distribution. Again, this is similar to patterns observed in their native 
distribution (Lobón-Cerviá, 2007). The significant association of YoY density with velocity 
contradicts published optimal velocity conditions for YoY brown trout (U.S. Fish and 
Wildlife Service, 1986; Hayes & Jowett, 1994; Heggenes et al.,1999; Ayllón et al., 2009), and 
reflects the dominance of altitude as the most important factor affecting YoY abundance at the 
broad scales. 
At lowland sites in spring/summer the high density and proportion of YoY brown trout 
to other year classes likely resulted in strong intra-cohort competition due to high densities of 
these fish. This is likely a result of high spawning production of large, very fecund, migratory 
adults using these more-easily accessible low elevation sites for spawning. These high 
competition levels are likely to have reduced YoY density over the summer rearing period, as 
has been previously demonstrated for this species elsewhere (see Nordwall et al., 2001; 
Lobón- Cerviá, 2005; Vincenzi et al., 2010; Kvingedal et al., 2011; Höjesjö et al., 2015; 
Richard et al., 2015). High density and thus competition are strongly associated with the 
spawning distribution of anadromous trout across the Taieri catchment (Kristensen et al., 
2011), and has been previously described for stream-dwelling juveniles elsewhere (Dunham 
& Vinyard, 1997; Elliott, 1993; Keeley, 2003; Einum et al., 2006, Lobón-Cerviá, 2008; 
Myrvold, Kennedy, 2015). For comparison, the abundance of juvenile fish was directly 
related with the high density of eggs deposited by migratory trout spawning in English 
streams (Elliott, 1985, 1987). For the Taieri River, the low-elevation sites that I studied are 
more accessible for migratory adults and, in particular, large-fecund females due to the 
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accessibility of spawning areas here relative to sites further upstream or above gorges. The 
presence of upstream barriers can explain the predominant use of lowland spawning grounds 
by migratory fish from the river estuary (Kristensen et al., 2011). Previous studies of brown 
trout in Sweden (Bohlin et al., 2001) have similarly demonstrated that large fecund fish avoid 
excessive migration costs related with reaching stream headwaters for spawning. The high 
spawning production of migratory trout in low-elevation sites can explain revealed inter-
relationships between high competition in these high- density populations of the offspring of 
migratory trout. 
In the upland sites in spring/summer, a lower density and proportion of YoY fish relative 
to other cohorts was observed, which suggests decreased intra-specific competition driven by a 
lower adult reproductive output. The reduced density and multicohort structure of juvenile fish 
detected at these high-elevation sites are typical for brown trout in streams dominated by resident 
life-histories (Huryn, 1996; Kristensen, 2006; Jones et al., 2019). The limited effect of the low 
abundance of juvenile fish on inter-cohort competition has also been seen in Swedish brown 
trout (Kaspersson et al., 2013). Reduced densities of newly hatched YoY’s (and the 
resultingly low competition) are mostly associated with low reproductive productivity of the 
parents, as has been shown by Elliot (1987) for stream resident trout in England. Reduced intra- 
and inter-cohort competition likely leads to low out-migration and mortality of all cohorts of 
juvenile fish (Nordwall et al., 2001). Also, high elevation may be very unproductive thus the 
individual survival rates may still be low compared to low-elevation streams (Huryn, 1996; 
Myrvold, Kennedy, 2015). As a result, the multi-cohort structure of juvenile fish can be 
strongly associated with low density and intracohort competition driven by low adult 
spawning investment. 
By autumn, trout populations in both lowland and upland sites were characterised by 
lowered densities of YoY fish, relative to spring, suggesting a reduction of competition 
amongst a reduced number of fish. This inference is supported by the following: 1) the 
positive relationships between seasonal dynamics of cohort structure and spring values of 
YoY’s proportion of the population; 2) the absence of the effect of altitude and related 
environmental and biotic variables on juvenile trout traits, by autumn; 3) a seasonal reduction 
in the variability of size and mass of fish, and a reduction in the effect size (Eta-squared value 
Ƞ2) of sampling location on these traits. The tendency of observed YoY trout populations to 
establish a low density, stable structure across the catchment, likely leads to reduced intra-
specific competition and thus a significant surplus in stream carrying capacity in autumn. 
The increasing availability of stream resources for a lower number of fishes can be considered 
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as a sustainable condition for growing individuals inhabiting observed relatively small lotic 
ecosystems. Thus, at headwaters of the Silverstream and Sutton Stream, populated by stream 
residential brown trout (Huryn, 1996; Kristensen & Closs, 2008b), autumn values of YoY fish 
density and biomass increase in comparison to spring values. Therefore, despite their origins 
(stream resident or migratory), all stream populations of YoY brown trout tend to establish 
populations with structure typical for stream resident life-history of the species. 
The mechanism underlying the observed temporal variability of YoY trout population 
dynamics may be related to self-regulation of fish abundance, whereby populations establish 
equilibrium with stream resources and thus reduce competition. As possible evidence of this, 
the observed difference in temporal dynamics of density and biomass can be considered. Both 
BR and LR were positively associated with the proportion of YoY fish to previous cohorts. 
However, in contrast to LR, most BR values were negative following an increase of total 
biomass despite a reduction in abundance. This contradiction can be explained by Elliot’s 
(1993) observations that trout mass – density relationships are analogous to those for plants 
(White, 1980) and animals (Begon et al., 1986, 2009). In all cases the relationship of mass and 
density was described by a negative (-1½) power function the authors called the “self-thinning 
rule”. This relationship provides evidence on energetic limitations occurring in stream-rearing 
brown trout populations and represents the response of fish on resource limitations (Elliot, 
1993). Following this, the self-regulatory mechanisms reducing intraspecies competition in 
populations of YoY trout can control the abundance of stream rearing fish. 
If resource limitation controls YoY brown trout population dynamics, future studies 
need to be focused on the evaluation of stream carrying capacity dynamics as one of the major 
factors affecting stream-dwelling trout. For this, researchers need to examine the following 
aspects affecting seasonal dynamics of YoY brown trout in streams: 1) habitat characteristics 
and ontogenetic changes in YoY trout environmental preferences, 2) seasonal dynamics of 
energetic content of drifting invertebrates, the major food source for stream dwelling 
salmonids (Rosenfeld & Ptolemy, 2012; Piccolo et al., 2014), and 3) ontogenetic shifts in the 
trophic selectivity of YoY trout. The collection of these data, with a focus on ontogenetic 
changes of YoY trout requirements, is necessary for estimating the seasonal dynamics of site- 
and cohort-specific carrying capacity calculations. Currently available species-specific habitat 
suitability curves and instream models available from the literature are likely unsuitable for this 
purpose (Hayes & Jowett, 1994; Ayllón et al., 2010; Conallin et al., 2014; Santiago et al., 
2015; Hayes et al., 2016). Further, published data on trophic selectivity of juvenile trout 
(Cochran-Biederman & Vondracek, 2017; Sánchez-Hernández & Cobo, 2018) show that only 
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a proportion of invertebrate drift is suitable for fish consumption, but any seasonal and 
ontogenetic variation of trophic selectivity in stream rearing YoY brown trout is unknown. 
The evaluation of these factors to examine the ontogenetic dynamics of stream carrying 
capacity for YoY brown trout across summer growing season in relation to population 
dynamics can be considered as a potentially productive but challenging direction for future 
research. 
The observed pattern of YoY brown trout population dynamics rearing in streams 
represents an example of the ability of a partially migratory salmonid to use feedback 
mechanisms necessary for establishing self-sustaining populations and utilize a range of 
different environments with varying producitivities (Chapman et al., 2012). The difference in 
spatial dynamics of YoY fish across the Taieri River catchment is associated with diverse 
within-speices and within-cohort competition levels, primarily driven by varying production 
of offspring resulting from alternative adult life-histories of the species (i.e., low-fecund, 
small resident adults versus highly-fecund, large anadromous females) (Elliott, 1993; Keeley, 
2003; Einum et al., 2006, Lobón-Cerviá, 2008). Access to high elevation locations is strongly 
regulated by the geomorphology of the landscape, with physical barriers to migration being 
one of the most obvious impendiments to anadromous fish reaching upland streams 
(Kristensen & Closs, 2008b; Kristensen et al., 2011; Jones et al., 2019). Once established, the 
spatiotemporal pattern of brown trout population dynamics appear to be consistent over time, 
being comparable to studies completed in the same catchment in previous years (Kristensen & 
Closs, 2008a; Jones et al., 2019). 
The data gathered by this study demonstrates the temporal dynamics of juvenile brown 
trout populations rearing in streams across a broad landscape, but the fine-scale dimension of 
the pattern in smaller time intervals and at lower, middle and headwater reaches of observed 
streams remains unknown. To that end, the next chapter of this thesis includes the results of 
fine-scale, intensive (monthly through the season) sampling of one of the spawning tributaries 
of the Taieri River used by various brown trout life-histories for reproduction within its lower, 
middle and upper reaches. 
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Chapter 3. Seasonal dynamics of young-of-the-year brown trout Salmo trutta 
density along a coastal New Zealand stream and controlling factors: 
abundance of eggs deposited by parents, density-dependence, and 
environment. 
Abstract 
1. The purpose of the chapter was to address the assessment of parental spawning 
investment and other primary factors, both density-dependent and environmental factors, 
driving young-of-the-year (YoY) brown trout Salmo trutta abundance and their dynamics 
through the Austral summer. The study took place in Silverstream which is a coastal New 
Zealand watercourse tributary to the Taieri River and used by sub-populations with both 
migratory and resident life- histories for spawning and rearing. 
2. To achieve this goal, the traits of spawning trout and the efficiency of reproduction 
were estimated; abundance of deposited eggs was used as a likely predictor for YoY’s spring 
density at four locations from the Silverstream confluence with the Taieri River to its 
headwaters. To determine the triggers of the following dynamics of juvenile trout abundance, 
data on YoY density and migration intensity, as well as water temperature and stream 
discharge, were repeatedly collected from spring (Oct 2016) to autumn (Apr 2017). These 
factors were used as categorical variables predicting loss rate of fish density.  
3. I found that the parental spawning investment did not affect juvenile trout 
distribution along the Silverstream, a result likely related with the mismatch between YoY 
fish abundance and densities of eggs deposited by adults at sampled locations. The results 
suggested high rates of pre-spawn mortality, reduced density of eggs deposited by parents and 
low spawning efficiency as the number of offspring (especially in headwaters) at this studied 
stream in comparison to European populations. 
4. The significant correlations between YoY trout loss rate and both YoY density and 
downstream migration was observed only for the lowland reaches of Silverstream, which had 
the highest density of deposited eggs by migratory adults. The reduction of the effect of biotic 
factors on population dynamics of YoY fish further upstream supports previous studies 
suggesting a shift from density-dependent to density-independent factors controlling the 
population dynamics of the species as environmental conditions move from relatively benign 
(lowlands) to relatively severe (headwaters). 
5. Spatial differences in brown trout YoY’s density dynamics throughout Silverstream 
are likely related to a gradient in environmental conditions over the stream changes in 
elevation. This spatial difference suggests the sampling sites differ in terms of brown trout 
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post-larval habitat suitability and intracohort competition level driven by parental spawning 
investment. The hypothesis of the effect of competition within brown trout YoY on density 
dynamics in this watershed thus warrants further investigation, as does the extent and reason 
for low egg survival of resident fish in headwaters, and the high spawning mortality of 
migratory fish. 
3.1 Introduction 
Understanding the major factors driving the temporal dynamics of the abundance of 
species is the key focus of many ecological studies (Mutshinda et al., 2009) and is extremely 
important for the management of exploited populations (Ye & Carocci, 2019). Fish are one of 
the most studied groups of animals, and for many species, the drivers of population dynamics 
are well understood (Ricker, 1975). The foremost mechanisms controlling abundance in 
species can be separated into two classes: environmental factors – where abundance is 
primarily regulated by specific external determinants and fluctuates with time correspondingly 
to these physical, chemical and thermal factors; and density-dependence which drives the 
population to equilibrium, and the long-term abundance values tend to balance near mean 
levels (Murdoch, 1994; Dennis & Trapper, 1994). 
Brown trout Salmo trutta exhibit remarkable phenotypic plasticity and are a popular 
model for testing both density-dependent and environmental mechanisms regulating the 
population dynamics of wild fish (Elliott, 1994; Jonsson & Jonsson, 2011; Lobón-Cerviá & 
Sanz, 2017). In a single river basin, the life- histories of brown trout comprise three major 
forms: 1) the upland part of river catchments inhabited by resident fish spending their entire 
life cycle in their natal stream; 2) river mainstem and lakes within the catchment populated by 
freshwater migratory (potamodromous) brown trout; and 3) fast-growing anadromous forms 
that migrate from the freshwater to brackish estuarine and saltwater marine environments and 
return to their natal streams to spawn (Jonsson & Jonsson, 2011). Brown trout’s ecological 
flexibility is a major contributor to its ability to colonize many parts of the world and its 
range-expansion is due to its popularity as a sport fish. It has been successfully introduced to 
many areas outside its native European range, with widespread and self-sustaining 
populations now established throughout both the Northern and Southern Hemispheres. Many 
studies have focused on the factors controlling the productivity and distribution of stream-
dwelling brown trout in a variety of geographical regions and habitats, but results often 
contradict, generating more questions than answers (Lobón-Cerviá et al., 2017). To date, most 
of this type of research has focused on native European populations of brown trout, with only 
relatively limited information on introduced populations. For New Zealand’s brown trout 
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there are a number of papers describing the population dynamics of brown trout juveniles 
(Hayes, 1995; Kristensen & Closs, 2008a; Hayes et al., 2010; Jones et al, 2019), and one study 
has examined their migration behaviour (Holmes et al., 2014). However, there has not been 
any New Zealand research that has examined the links between adult reproductive input into 
the spawning grounds and key environmental factors controlling the dynamics of juvenile 
trout density and migrations of young-of-the-year (YoY) over the period of their lives. 
Further, there are no published studies on the reproduction of wild brown trout in New 
Zealand. Because this is an economically and socially important species in this country, 
understanding the traits of spawning fish, and the response by juvenile rearing in relation to 
the stream-habitat landscape, is crucial for effective management of this species. 
In the previous chapter, the broad-scale spatial and temporal population dynamics of 
YoY brown trout were described for the Taieri River catchment. I found that the temporal 
dynamics of YoY (young-of-the-year) trout were closely related to the dominant life-history 
traits of adults at any particular location, ranging from resident to high-migratory anadromous 
individuals. Populations of brown trout found in river reaches accessible to-and-from the 
ocean and had large anadromous and potamodromous migratory adults (i.e., high fecundities) 
were characterized by high juvenile densities in spring which reduced drastically by autumn. 
Whereas headwater habitats populated predominantly by resident life history characterised by 
relatively low YoY densities and were stable in numbers. However, the fine-scale seasonal 
change of the population dynamics of YoY trout populations originating from migratory and 
resident life-histories remain unknown. Also, the distribution of spawning adults and their 
reproductive traits, the effect of density of deposited eggs on YoY density, and the seasonal 
dynamics of up- and down-stream migrations of migratory and resident trout offspring are 
unknown for New Zealand brown trout. Therefore, the aim of this chapter was to investigate 
these dynamics at a fine-scale within a single stream, in order to better understand the 
population processes underlying the previously identified large-scale patterns. 
The data gathered by this study demonstrates the temporal dynamics of juvenile brown 
trout populations rearing in streams across a broad landscape, but the fine-scale dimension of 
the pattern in smaller time intervals and at lower, middle and headwater reaches of observed 
streams remains unknown. 
I used the Silverstream (Figure 3.1) as a model system for evaluating the factors 
controlling fine-scale spatiotemporal changes of YoY brown trout population dynamics along 
reaches dominated by either spawning migratory or resident fish. The lower reaches of 
Silverstream are accessible to large migratory estuarine and potamodromous trout from the 
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Taieri River (Kristensen et al., 2011), generating high spring densities of juvenile fish which 
then sharply decline over the next 2-3 months (Kristensen, 2006; Kristensen & Closs, 2008a; 
Chapter 2). However, migratory fish are excluded from the headwaters by a weir (Figure 3.1); 
hence an isolated resident population of brown trout is present in the upper reaches of the 
stream. Juveniles can migrate downstream over the weir, but adults cannot migrate upstream. 
Considering published data on low densities and competition in populations of stream resident 
trout (Huryn, 1996; Kristensen, 2006; Jones et al., 2019), the population dynamics are expected 
to be more stable. Thus, Silverstream presents an ideal small-scale model system to study the 
influence of both environmental factors and density-dependence on brown trout population 
dynamics due to the coexistence of populations with contrasting life-histories, and the 
presence of published data from previous research. 
Building on the prior observations of Kristensen & Closs (2008a), I predicted that 
longitudinal variation in the abundance of YoY trout along Silverstream is primarily driven by 
the relative difference in parental investment by migratory versus resident trout along 
Silverstream. These predictions are based on: 1) the strong stock–recruitment correlation 
(Ricker, 1975) described for brown trout (Elliott, 1994; Nicola & Almodovar, 2002; Sánchez-
Hernández еt al., 2016); 2) broad scale patterns in the wider Taieri river catchment suggesting 
highly-fecund migratory fish dominate lower altitudes, whereas resident fish dominate 
headwaters (Chapter 2; Jones et al., 2019); and 3) the discrete and separate distribution of 
migratory/resident life-histories of adults in the Taieri River catchment as demonstrated by 
strontium content analysis of trout eggs (Kristensen et al., 2011). I examined biological traits 
of migratory and resident trout spawning in Silverstream to estimate the parental investment of 
the contrasting life-histories along the stream. The estimated number of eggs deposited in 
redds in autumn was used as a predictor for YoY brown trout density in the following the 
spring. 
I also predicted that the primary factors driving YoY trout population dynamics will 
change from downstream to upstream – with intra-specific competition (biotic) driving 
population dynamics in downstream reaches, and environmental factors (abiotic) driving 
populations in the headwaters. This prediction is based on density-dependent population 
dynamics of juvenile salmonids at high densities (Bohlin et al. 2001; Keeley, 2003; Einum et 
al., 2006; Landergren, 2004) and the significant role of adverse environmental conditions which 
can override the density-dependent population processes and maternal effects (Elliott, 1994; 
Richard et al., 2015; Syrjänen et al., 2015). The effect of both biotic and abiotic variables on 
juvenile trout population dynamics was tested by analysis of the effect of fish density, 
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migration rate, stream discharge and temperature on the seasonal dynamics of YoY trout loss 
rate. Additionally, I observed the effect of stream flow and temperature on YoY migrations. 
Thus, the key environmental characteristics along the upstream and downstream reaches were 
considered to be potentially important drivers of population dynamics of early life-history of 
brown trout along the length of the Silverstream. 
A detailed description of the relevant biotic and abiotic factors, and determining their 
influence on seasonal changes in YoY brown trout density dynamics, is necessary to compare 
baseline data with reference to previous studies (Kristensen, 2006; Kristensen & Closs, 2008a; 
Kristensen et al., 2011; Jones et al., 2019), and allows for the building and testing the main 
hypothesis of this thesis. At the same time, data on the biological traits of spawning trout and 
the efficiency of exploitation of spawning habitat, with further estimation of juvenile trout 
density dynamics, is important to effectively manage this economically valuable species 
(Jiang, 2015; Holmes et al., 2018). Knowledge on the effect of density-dependent and density-
independent factors controlling population dynamics of YoY trout across a stream gradient 
through the season is necessary to fill knowledge gaps in the ecology of stream salmonids 
(Huntsman & Petty, 2014). 
3.2 Materials and methods 
3.2.1 Study area 
For the evaluation of brown trout reproductive input and the following spatiotemporal 
population dynamics of YoY fish, data were collected at three reaches along 30km of 
Silverstream, a key spawning and rearing tributary of the Taieri River (Kristensen, 2006). The 
lower and middle reaches of the stream are used for the reproduction by migratory brown trout 
from the main channel and estuary of the Taieri River (Kristensen et al., 2011). The upper part 
of the Silverstream is inaccessible to migrants due to a weir constructed as a part of the 
Dunedin water supply scheme in 1881 (Dunedin, 2018). The height of the weir is about 6 m, 
and only resident brown trout occur upstream of the weir although juvenile fish can migrate 
downstream.  
To assess the timing of juvenile emergence from redds within Silverstream, regular 
surveys started in Sep 2016 at four locations: “Gladfield Road” site (Lat: -45.8778, Long: 
170.2992) located 2.8 km upstream from the confluence with the Taieri River; “Puddle Alley” 
or Site 1 (Lat: -45.8547, Long: 170.3881) located 10.2 km upstream from the confluence; 
“Scout Camp” or Site 2 (Lat:-45.8108, Long: 170.4225) located 17.7 km upstream; and 
“Swampy Spur” or Site 3 located in the headwaters 25.1 km upstream from the confluence 
(Lat: -45.7718, Long: 170.4571) (Figure 3.1). The YoY fish data were regularly collected 
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across sites 1, 2 and 3 from October 2016 till April 2017 (Table 3.1). The “Gladfield Road” 




Figure 3.1 Map of the Silverstream with study sites “Gladfield Road”, 1, 2 and 3. 
 





Site 1 Site 2 Site 3 
2 October 16 3 October 16 3 October 16  
9 October 16 8 October 16 8 October 16 15 October 16 
 18 October 16 25 October 16 7 November 16 
 9 November 16 10 November 16 20 November 16 
 9 December 16 16 December 16 15 December 16 
 20 January 17 21 January 17 16 January 17 
 24 February 17 23 February 17 18 February 17 
 24 March 17 22 March 17 18 March 17 





To measure the environmental characteristics important for stream salmonids (Näslund 
et al., 1998; Heggenes et al., 1999; Santiago et al., 2015), the habitat at each site was assessed 
using procedures described previously in Chapter 2 (Section 2.2.1). The total length of assessed 
stream reaches for Site 1, 2 and 3 were equal to 910 m, 699 m and 163 m, respectively 
(Appendix A). Water temperatures at the three primary sites were continuously recorded 
using HOBO 64K-UA-002-64 data loggers. Temperatures were recorded hourly from 
September 2016 to October 2017 at Site 1; July 2016 - October 2017 at Site 2; and November 
2016 - October 2017 at Site 3. Stream discharge was estimated using data provided by Otago 
Regional Council. Because the flow gauge was located downstream of all sampling sites 
(45°52'04.5"S 170°20'39.2"E, Gordon Road bridge, Mosgiel), flows at the sampling sites 
were estimated as a proportion relative to the gauging site based on the average area of riffles 
in the stream cross section at each site. The area of riffles cross sections used for conversion 
were: gauging site: 0.86 (±0.08 SE) m2, Site 1: 0.76 (±0.10 SE) m2, Site 2: 0.67 (±0.11 SE) 
m2, and Site 3: 0.37 (±0.03 SE) m2. 
To test the effect of water temperature and flow on juvenile trout loss rate, the 
environmental data collected during the period prior to each fish sampling were used. Mean 
and standard deviation of water temperature were used to predict of fish loss rate considering 
the importance of thermal conditions on trout distribution and population dynamics (Santiago 
et al., 2015). The median and maximum of discharge were used for the estimation of mean 
discharge and floods (maximum flow) effects on juvenile trout density dynamics (Table 3.2). 
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Table 3.2 The data on water temperature and flow collected in period of the samplings of fish 
data and used for estimation of the effect of water discharge and temperature on YoY trout 












SD Median Maximum 
 18/10-9/11 12.15 2.02 0.50 3.08 
 9/11-9/12 12.19 2.02 0.50 3.08 
 9/12-20/01 14.88 2.42 0.25 2.01 
1 20/01-24/02 14.74 2.76 0.34 19.37 
 24/02-24/03 14.08 2.19 0.18 1.24 
 24/03-28/04 11.49 1.59 0.41 28.49 
 25/10-10/11 9.76 1.39 0.31 25.11 
 10/11-16/12 11.00 1.27 0.56 13.16 
 16/12-21/01 11.67 1.24 0.21 1.76 
2 21/01-23/02 12.07 1.61 0.32 17.07 
 23/02-22/03 11.42 1.3 0.17 1.09 
 22/03-29/04 9.95 0.96 0.30 25.11 
 20/11-15/12 9.93 1.51 0.30 1.85 
 15/12-16/01 11.23 1.6 0.11 0.35 
3 16/01-18/02 10.93 1.44 0.18 9.43 
 18/02-18/03 11.32 1.81 0.10 0.60 




3.2.2 Fish data sampling 
To evaluate the numbers of migratory brown trout spawning in Silverstream and 
calculate density of deposited eggs, eight spawning surveys were completed between 11 June 
and 09 July in 2016. For each spawning survey, one 2-5 km long stream section, located 
between the confluence and the weir, was observed by walking surveys. The position of each 
redd and any dead or alive adult fish were recorded using a GARMIN GPSmap 60CSx, and 
each fish was also photographed. The fork length of dead fish was measured to the nearest 1 
mm and recorded. If the condition of the fish was suitable for autopsy, it was dissected for sex 
determination and an assessment of gonad condition. Females that had died before spawning 
and had complete gonads were used for fecundity calculation with the eggs being counted for 
each ovary. The sagittal otoliths were also extracted from all dead specimens for aging (and 
later otolith microchemical analysis – Chapter 5). 
To evaluate the density of eggs deposited by resident trout inhabiting the reach 
upstream of the weir, the total number of adult fish was assessed along a 470 m long stream 
section on the following dates: 07 Nov 2016; 16 Jan 2017; 19 Feb 2017; 19 Mar 2017; 15May 
2017; 23 Aug 2017 and 10 Oct 17. Fish were sampled by electrofishing using a Kianga EFM 
300 backpack electro-fisher (NIWA Instrument Systems, Christchurch) with 200- 600 V 
pulsed DC current. Because of low abundance of fish and extended electrofishing area, the 
application of Zippin’s three-pass removal method for density evaluation was impractical and 
the single-pass removal method was used due to higher efficiency when sampling large areas, 
and ability to approximate fish density without accounting for habitat complexity (Foley et 
al., 2015). Density was estimated from the single-pass abundance data using linear regression 
for conversion to values of density what could be calculated by Zippin’s three-pass removal 
method (Zippin, 1956; Kruse et al., 1998; Chapter 2). Captured fish also had their fins clipped 
and released for mark-recapture estimates of abundance using the Chapman estimator method 
(Chapman, 1951). On the last sampling (October 2017) all captured individuals were euthanised 
using an overdose of AQUI-S® fish anaesthetic for precise determination of sex, maturation 
stage, age, fork length, mass and somatic weight. 
Analysis of annual increments in sagittal otoliths was used to estimate the age structure 
of both migratory and resident spawning trout. The otoliths were dried and mounted flat on to 
microscope slides using thermoplastic resin (Crystalbond 509), and each side polished using 
fine-grit sandpaper (P1500 and P2000 grit) and lapping film (3-30 µm, 3M). Annual increments 
were counted using light microscopy (Olympus SZ2-ILST, Olympus Corp.) under 10-40X 
magnification. 
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Low electrofishing efficiency for YoY trout, especially at the beginning of the season 
(Jones et al., 2019), necessitated an alternate method to estimate their abundance. Hence, YoY 
trout abundance was assessed by spotlighting, given its low impact and high efficiency (Hickey 
& Closs, 2006). Each study site was divided into 30m-long sections, three of which were chosen 
semi-randomly for spotlight surveys. Selection of surveyed sections was restricted on the basis 
that the aggregate proportions and average characteristics of the mesohabitats of the three 
chosen sections must be representative of the study site as a whole (Appendix A).  
Spotlighting started at least one hour after sunset. Spotlight surveys were completed at 
baseflow conditions scanning with an LED headlamp from bank-to-bank walking upstream. 
Juveniles were classified to YoY and ≥1+ cohort groups based on visual observation of the 
size of the fish and a clear difference in size between cohorts (Lund et al., 2003). To calculate 
juvenile trout density per area unit, the number of fish counted in each section was divided by 
surveyed area. The average density (± SE) calculation was based on counts obtained at the three 
replicates of regularly monitored stream segments within each site. 
Both upstream and downstream movement of YoY trout were estimated at sites 1, 2 and 
3 using fry traps comprising two fyke nets oriented in up and downstream directions.  Each 
trap was joined by a central wing (3-mm mesh) that blocked the stream and directed fish into 
the fykes (Figure 3.2). Assuming that diurnal feeding migrations (Hubert et al., 1994; 
Bardonnet et al., 2006; Conallin et al., 2014) can affect the results of migration assessment, the 
traps were installed in the middle of the fastest riffle of each stream site. I assumed that habitats 
with flow velocities of 0.6-0.8 m/sec are not suitable for YoY trout rearing (Hayes & Jowett, 
1994; Heggenes et al.,1999; Jowett & Richardson, 2008; Ayllón et al., 2009), which was 
supported by the data on YoY trout habitat suitability (Appendix D2). Thus, only YoY 
emigrants or individuals moving upstream were captured. The traps were installed in a 
diagonal position between banks using steel poles and sink-stones with an angled wing 
guiding the juveniles to trap entrances. The lower edge of the wings was fixed to the bottom by 
doubled heavy metal chain and covered by a layer of gravel to prevent fish escaping 
underneath. Because of high flow conditions, the downstream fyke was joined with a net box 
included a protective board 25 x 100 cm in size, serving as a flow shelter for captured 
juveniles, thus averting fish mortality (Figure 3.2). To prevent clogging, three debris fences 
with mesh size 25, 38 and 50 mm were deployed upstream of the trap. The traps were deployed 
at each sampling location once a month on the new moon from October until April for 24 
hours. Traps were checked every 3 hours, and any fish counted were then released in the 
direction that they had been travelling when trapped. 
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Figure 3.2 Fry trap with net box installed at November 2016 at the Silverstream Site 1 
“Puddle Alley”, photographed looking upstream. 
 
3.2.3 Data analysis 
3.2.3.1 The analysis of the effect of density of eggs deposited by parents on spring 
abundance of YoY trout across the Silverstream 
To test the main hypothesis on the relationship between adult trout egg deposition and 
spring YoY density at the 4 Silverstream locations, linear regressions were generated using the 
lm package in R version 3.4.3 (R Core Team, 2017). The mean density of eggs deposited 
along the Silverstream was evaluated (Section 3.2.3.3) at 4 locations used for YoY’s sampling 
and used as a predictor. The spring values of YoY fish density at each of three 30m-long 
stream sections at each study site (“Gladfield Road” site, sites 1, 2 and 3; Section 3.2.2); with 
three replicates per site were used as a response variable. The data on reproductive input and 
fish density were 4th root and log10 - transformed for normality, respectively. Residuals were 
plotted against predictors and a Q-Q plot was used to check the normality of residuals. 
Residuals versus leverage plots, with calculation of Cook’s distance, were used for identifying 
of the influential outliers in a set of predictor variables. For this study a confidence level of 
95% (α = 0.05) was used.  
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3.2.3.2 The analysis of density-dependence and environmental factors controlling YoY 
trout loss rate across the Silverstream 
To test the predictions on relationships between density-dependence and environmental 
factors, and the population dynamics of YoY trout along the stream and across seasons, 
multiple linear regressions were applied using the lm package in R. Data collected at each of 
three 30m-long monitored stream sections per site were pooled and used as a replicate for each 
sampling event. The YoY loss rate for each monitored stream section was calculated and was 
used as the response variable. Juvenile trout density and the migration rate measured at the start 
date of the period used for loss rate calculations were set as predictors. The water flow and 
temperature data collected during the period between samplings were also used as predictor 
variables (Table 3.1). As well, multiple linear regressions were calculated to test the effect of 
stream discharge and temperature on YoY’s migrations. Data on stream flow and temperature 
were used as predictor variables, and the combined migration data from sites 1 and 2 were 
chosen as a response variable (Table 3.2). The data were checked for normality prior to the 
analysis and transformed as follows. Site 1 dataset: 4th-root transformation for instantaneous 
daily loss rate and log10 transformation for fish density, mean temperature and maximal flow. 
Site 2 dataset: 4th-root transformation for instantaneous daily loss rate, log10 transformation for 
fish density, migration rate, the mean temperature and median flow, Ln-transformation for the 
maximal flow. Site 3 dataset: log10 transformation for fish density, the mean temperature, 
median and maximal flow values. For testing the collinearity of the variables used in linear 
regression analysis, the variance inflation factor (VIF) was applied by vif package in R. 
Following the rule of thumb, all variable with VIF values exceeding 10 were removed (James 
et al., 2014). The model choice was based on the lowest AIC score following a backwards 
stepwise procedure, starting with the saturated model and then removing predictors one by one 
using the step function in R. 
3.2.3.3 The computation of density of eggs deposited by parents, analysis of biological 
traits of adult trout and estimation of Silverstream spawning capacity 
To evaluate the parental investment of migratory trout in Silverstream, the number of 
eggs deposited per unit area of stream was calculated, correcting for female size using the fork 
length / eggs per redd regression published by Elliott (1995): log10E=log10(-2.203 ± 0.332 
(95% CI))+(2.048 ± 0.131 (95% CI))log10L, R
2= 0.97, where E is eggs per redd and L is fork 
length in mm. I assumed each female spawned in a single redd (Elliott, 1995; Rubin et al. 
2005), allowing estimation of the arithmetic mean (±SE) of the amount of deposited eggs per 
unit area. 
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For the estimation of the parental investment of resident trout inhabiting the 
Silverstream headwaters, the number of adults was evaluated and conversion of female mass 
to eggs per redd was applied. The abundance of stream resident adults was calculated using 
two methods: conversion of single-pass abundance data to values of density calculated by 
three-pass removal (Zippin, 1956), and by mark-recapture estimates using the Chapman 
estimator method (Chapman, 1951). For conversion of single-pass abundance data to values of 
density calculated by three-pass removal following formula was applied: TP=1.775 SP+0.020, 
R2= 0.96, where TP - density calculated by three-pass removal method (ind./m2), and SP - 
single-pass density (ind./m2). Fecundity was calculated using the equation developed by 
Jonsson & Jonsson (1999) for stream resident brown trout: ln F=0.836 ln W+1.735, R2= 0.70, 
where F = fecundity (eggs), and W = somatic weight (g). I then assumed that each female 
deposited 85.5 % of their eggs into a redd (Elliott, 1995), and that all mature females in the 
population spawned within the study stream. The calculation of parental investment of 
residential trout was based on May sampling data, which is the main spawning period for New 
Zealand brown trout. 
To test the ability of different sizes of spawning adults (males, females and both sexes) to 
reach different spawning sites along the Silverstream, a comparison of the size of spawners 
upstream and downstream of Site 2 was performed using a one-way ANOVA. The data on adult fish 
was split into two subsamples, including individuals gathered between the weir and Site 2 (6 males 
and 8 females) and between Site 2 and Silverstream mouth (5 males and 7 females). The size of the 
fish in each section were used as the response variables, with up and downstream sections used as 
the categorical variables.  
A one-way ANOVA was applied for the test of the temporal stability of the population of 
resident fish. The data on adult’s size collected at each sampling event was used as a response 
variable and month of sampling was used as a predictor variable. At each sampling event adult 
residents were collected (n = 14 to 23 fish per event) and each individual was used as a replicate. 
To evaluate the spawning capacity of the studied stream segments, I calculated the sum 
of the areas located at the end of pools and runs merging into riffles, which are the preferred 
spawning habitat for brown trout (Jonsson & Jonsson, 2011). Only zones with gravel and 
cobbles, flow velocity between 0.25 – 0.62 m/s and depth between 0.11 – 0.42 m were used, 
representing spawning suitability curves for substrata composition, water velocity and depth in 
rivers with discharge <10m3/s (Zimmer & Power, 2006; Louhi et al., 2008). For Site 3, only 
areas with suitable spawning gravel were counted assuming that the median particle size of the 
suitable spawning substratum is near to 10% of spawner body length (Kondolf, 1993).   
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3.2.3.4 Computation of the instantaneous daily loss rate of YoY trout and analysis of 
spatiotemporal change in density and population dynamics of YoY trout across study sites 
To estimate the fine-scale change in the abundance of YoY brown trout, the daily 
instantaneous loss rates was calculated using the formula: LR = (D0 – Dt)/t, where LR is loss 
rate (ind.*100 m-2 *day-1), D0 is the initial fish density (ind.*100 m
-2), Dt is the final density 
(ind.*100 m-2) and t is the period between sampling in days. A two-way ANOVA was applied 
for the estimation of the effect of spatial (sampling location) and temporal (month of sampling) 
categories and their interactions (site х month) on the dynamics of YoY’s loss rate and density. 
The monthly data on YoY fish density and loss rate were used as a response variable for each 
site. At each site data collected at three monitored stream sections were used as replicates. The 
data on instantaneous daily loss rate and month of sampling was 4th root-transformed, and 
density values were log10-transformed for normality. Considering the temporal constancy of 
mesohabitat characteristics such as area, bottom substrate composition, proportion of the 
sheltered and shaded area, these factors were excluded from the analysis of the effect of key 
environmental factors controlling density and loss rate of YoY fish. As such, I used the 
sampling location, assuming these took these factors into account, as a predictor for testing the 
effect of the listed environmental variables on density and instantaneous daily loss rate. 
3.2.3.5 The analysis of environmental variation across the Silverstream 
To differentiate the sampling locations by the environmental characteristics most 
important for summer rearing of juvenile brown trout, a one-way ANOVA with Tukey HSD 
test for multiple comparison was applied. The environmental variation within and between 
sampling locations was assessed using a separate analysis for each environmental characteristic 
for each of three major habitat types – riffles, runs and pools. The measurements of each 
environmental characteristic across the different habitats were used as the response variables 
and site as a categorical variable. The number of riffles, runs and pools observed at each of the 
study sites were used as a replicate for 13 observed environmental characteristics (Appendix 
A). At sampling sites 1, 2 and 3, the number of major habitats (or replicates) were as follows: 
riffles – 23, 14 and 8; runs 23, 20 and 11; pools – 7, 13 and 3. For subsequent ANOVA 
analysis, the data were checked for normality and ln, log10 or 4
th root transformed if necessary 
prior the analysis. Homogeneity of variances were tested by Levene’s test. Eta-squared 
estimation were computed for the measurement of the strength of the relationship between 
analysed variables. The aov, etasq, leveneTest and TukeyHSD functions in R version 3.4.3 (R 




The results of the analysis of environmental characteristics are presented in Appendix B. 
The results of the analysis of parental investment, the biological traits of adult trout and 
calculations of Silverstream spawning capacity are presented in detail in Appendix C1.  
The number of deposited eggs per unit area was a poor predictor for spring values of YoY 
trout density at all sites (F1,10 = 0.08, t = 0.286, p = .780, R
2 = .012) (Figure 3.3).  
The first YoY brown trout were detected in the lower reach of the Silverstream at the start 
of October 2016 at the “Gladfield Road” site located near the confluence, with an average 
density of 17.7 (±3.1 SE; lim 11-26) fish per 100 m2. At Site 1, the density of YoY trout in 
October was equal to 102.9 (±21.7 SE; lim 77-146), which was three-times higher than at Site 
2 (35.6±20.2 SE; lim 15-76). At Silverstream headwaters the first juvenile fish were detected in 
November at extremely low densities (0.26±0.02 SE; lim 0.21-0.28) (Figure 3.3, Table 3.3). 
 
Figure 3.3 Density of YoY trout in spring in relation to number of deposited eggs for “Gladfield 
Road” site (black triangles), Site 1 (grey circles), Site 2 (white circles) and Site 3 (black 
diamonds).  
Subsequently, the dynamics of YoY brown trout density continued to differ across sites 
1, 2 and 3. At Site 1, the abundance of YoY fish constantly declined from spring to fall, with 
the most intensive loss rate during spring/summer. By April, the density of YoY trout at Site 1 
was close to zero. At Site 2 the density of YoY fish was lower than that at Site 1 in spring, but 
higher in the summer. The seasonal change of juvenile trout abundance at Site 2 had a 
negative trend, but decreased in a two-step pattern, with two peaks in November and February. 
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The YoY loss rate at Site 2 was higher in the second half of the season in comparison to earlier 
in the season. At Site 3 the density of YoY trout increased in December and was relatively 
stable over subsequent months (Table 3.3). 
Sampling location and month influenced fish density and YoY loss rate. ANOVA 
outputs confirmed the upstream (outputs for site: F1,51= 58.40, p = < .001) and seasonal (outputs 
for month: F1,51 = 9.30, p = .032) reduction of YoY density. Sampling site was a significant 
predictor for instantaneous daily loss rate by itself (F1,41 = 4.40, p = .042) and in combination 
with sampling date (F1,41 = 9.89, p =.003) confirming a general upstream reduction of YoY’s 
loss rate over time. However, month was not related to loss rate for data combined from the 
three sites (F1,41 = 0.50, p = .483). Results were significant for the separate datasets of sites 1 
and 2, but not for Site 3. The strong effect of sampling month confirmed decrease of fish loss 
rate from spring to autumn for Site 1 data (F1,16 = 23.54, p = < .001). At Site 2, the month of 
sampling had a significant effect (F1,16 = 4.99, p = .043) confirming an increasing of loss rate 
over the season. Conversely, the ANOVA results showed that month of sampling was not a 
significant predictor of juvenile trout loss rate at Site 3 (F1,8 = 3.33, p = .103). 
Movement of YoY trout occurred in both up and downstream directions, although the 
majority preferred to move downward and at night (Table 3.3). Downstream migration peaked 
in October at Site 1, and in January at Site 2. No fish were trapped at Site 3, except for one 
individual moving downstream in December. At the downstream sites, individuals moving 
upstream were captured every month from November until Mar, with the peak occurring in 
January at Site 2. Downstream movements generally occurred in the first half of the night, 
whereas upstream movement occurred in the second half of the night or during the morning. 
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Table 3.3 The seasonal change of brown trout YoY density (ind.*100/m2), daily instantaneous 
daily loss rate (LR, ind.*100/m2*day-1), diurnal dynamics of migrations (ind. per trap check), water 
































































































1     (1)   

















1 (1) 1 
   
2 
 




1 91 5 (1) 5 (2) 
   
2 
 





1  1 1 (2) 3    
2 8 1 (2) 2 (2) 23 (3) 1 (1)  
6:00 -
9:00 
1 19   7    
2 2 1 (2)  1 2 1  
9:00 -
12:00  















    




1 111 (0) 8 (1) 1 (4) 16 (2) 0 (1) 0 (1) 0 (0) 
2 10 (0) 9 (6) 9 (6) 124 (20) 11 (2) 2 (1) 1 (0) 
3  0 (0) 1 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
 
toC 
1 9.9  11.7  16.7  12.5 16.7  13.1  10.2  
 2 8.6  9.7  11.9  10.2  14.2  10.6 8.9  
 Flow, 
m3/sec 
1 0.51  0.36  0.46  1.27  0.19  0.15  0.21  
 2 0.35  0.28  0.24  0.37  0.19  0.14  0.16  
Notes: the density (loss rate) presented as an average ± SE above the line with limits below the line; * the values of 
loss rate at Site 3 are close to zero and multiplied to 1,000; diurnal dynamics of migrations presented as number of 
individuals captured by trap every 3 hours with fish moving down (and upstream) over the sampling period. The 
data on water temperature (to C) and stream flow used for linear regression model presented as mean values 
calculated from hourly data collected at the time of YoY trout migrations assessment. 
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Fish density and migration rate were significant positive predictors for YoY 
instantaneous daily loss rate at Site 1, whereas none of the measured categorical variables were 
related to YoY loss rate at Site 2 or 3. Water temperature and flow were excluded from the best 
fitting linear model for Site 1. The analysis did not reveal the significant predictors of YoY 
trout loss rate at Site 2 even if the final model included density as the only predictor, though 
the p value was close to significance. The best fitting model used for the evaluation of the effect 
of the measured parameters on juvenile trout loss rate at Silverstream headwaters included only 
two abiotic factors – mean water temperature and maximum flow but was not significant (Table 
3.4). 
Table 3.4 Multiple linear regression analysis testing the relationships between biotic (density 
and migration rate) and abiotic (water temperature and flow) predictors of seasonal dynamics 
of YoY trout instantaneous daily loss rate at three sampling locations of Silverstream at season 
2016-2017. 
Effect 
Site 1 Site 2 Site 3 
Estimate ± SE t p Estimate ± SE t p Estimate ± SE t p 
(Intercept) 0.05±0.105 0.49  0.63 -0.60±0.44 -1.35 0.19 -0.01±0.004 -2.032 0.08 
Density 0.21±0.082 2.58  0.02 0.54±0.287 1.90 0.08  
Migration rate 0.01±0.001 8.68 <0.01   
Temperature 
mean 
  0.01±0.004 2.003  0.08 
Maximal flow   0.0003±0.0002 1.604   0.15 
Notes: effect of the significant predictors in bold. 
 
Both upward and downward migrations were not associated with water temperature 
(F1,13= 0.90, t = -0.98, p =.359, R
2 = .03) or stream flow (F1,13 = 1.15, t = 1.28, p = .239, R
2 = 
.02) despite some evidence of discharge affecting YoY trout migrations in the raw data. The 
statistical outputs of the data set did not determine significant associations, mostly due to 
January data when sampling occurred under high flow conditions. At this sampling, the second 
peak of emigrating YoY trout was evaluated at Site 1 and the seasonal maximum of both up 




3.4.1 The adult brown trout egg deposition and its effect on young-of-the-year trout 
abundance across the study stream 
The overall finding that the number of deposited eggs, per unit area, was a poor 
predictor of spring values of YoY trout density what did not align with the expectation that 
parental investment would influence YoY trout density in spring, in contradiction to published 
data (Elliott, 1994). Strong associations between parental investment and offspring abundance 
have been described for trout with both migratory and residential life-histories in Europe 
(Nicola & Almodovar, 2002; Sánchez-Hernández еt al., 2016). This relationship may hold 
true for Site 1 and 2 where juvenile trout density corresponded to adult reproductive input. 
These sites are intensively used by migratory adults for reproduction, and so I suspect that 
spawning conditions are close to optimal at this area (Louhi et al., 2008; Zimmer & Power, 
2006; Kondolf & Wolman, 1993). The converse pattern was observed at both the stream 
mouth and the headwaters. Only one redd was detected at the “Gladfield Road” site, and the 
first YoY trout were detected upstream of this redd. These YoY individuals must have 
originated from the redds located further upstream, and dispersed downstream soon after 
emergence from the gravels (Elliott, 1986; Hayes, 1988; Landergren, 2004; Boel et al., 2014). 
In the stream headwaters, a relatively high parental investment by stream resident trout 
contrasts with the low density of juveniles, in contrast to “Gladfield Road” site data. This could 
be related with low egg-to-fry survival what could be explained by the high fine sediments 
load in headwater habitats (due to landslips), which can significantly reduce eggs survival at 
the early embryogenesis period (Conallin, 2004; Cocchiglia et al, 2012). 
In comparison to European studies (Elliott, 1985, 1987), the parental investment and 
spawning efficiency of brown trout in Silverstream was relatively low, related to low 
abundance and high pre-spawning mortality of adults, but not biological traits of breeders or 
area of spawning grounds. The average abundance of deposited eggs in Silverstream was 
equal to 13,828 eggs per ha (±744 SE; lim 415-34,898) for migratory populations, and 15,361 
(± 919 SE; lim 7782-23,866) eggs per ha for stream residents. This is markedly less than 
observed in English streams, where Elliott (1985, 1987) recorded mean values of eggs density 
of 704,800 eggs per ha (±105,300 SE; lim 120,300-1,326,300) along migratory trout 
spawning reaches, and 42,300 eggs per ha (±4,600 SE; lim 42,300-60,500) for resident trout 
spawning reaches. 
The low number of spawning fish best explains the relatively low number of deposited 
eggs in Silverstream. The density of spawning females in Silverstream was equal to 18.3 ind./ha 
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for Site 1, 7.4 ind./ha for Site 2 and 131.4 ind./ha for Site 3. This is lower in comparison to 
density of migratory (762±86.8 SE; lim 167 – 1167 ind./ha) and resident (215±23.2 SE; lim 
137 – 308 ind./ha) spawning female trout in England (Elliott, 1985, 1987, 1994). Other factors 
negatively affecting the reproductive input is the observed pre-spawning mortality, which has 
not been previously described for this iteroparous species (Elliott, 1994; Jonsson & Jonsson, 
2011; Lobón-Cerviá & Sanz, 2017). Assuming the number of redds represents the number of 
spawning females, then the pre-spawning mortality rate represented 21% of the Silverstream 
spawning stock. Every third fish from gathered carcasses had died before spawning. The 
reduced egg density cannot be explained by traits of Silverstream spawners: the size, sex ratio, 
age structure and fecundity of adults were close to those published for both migratory and 
resident forms of the species (Elliott, 1994; Nicola & Almòdovar, 2002; Acolas et al., 2008). 
Deficiencies in the spawning capacity of the stream can also be excluded as a factor affecting 
trout reproductive input considering the area required for one female spawn; following the 
relationship between female size and required spawning area (Ottaway et al., 1981; Crisp & 
Carling, 1989), the extended reproductive period (Gortázar et al., 2007) and exploration of 
spawning grounds by multiple adults (Gortázar et al., 2012), we can assume the spawning 
capacity of Silverstream is significantly underexploited by brown trout. Therefore, the reduced 
parental investment of brown trout in Silverstream spawning grounds is likely associated with 
low stock abundance and high pre-spawning mortality. 
3.4.2 The role of density-dependence and environmental factors in YoY trout population 
dynamics 
The factors of density and migration of YoY trout significantly affected loss rate at lowland 
Site 1, but not at sites 2 and 3, which supports my predictions and the results of previous studies, 
and may be driven by differences in competition level associated with environmental variability 
between study sites (Elliott, 2006). Both published results and my data show evidence of upstream 
reduction of both spring density and loss rate of YoY trout (Chapter 2; Kristensen & Closs, 2008a; 
Jones et al., 2019; Huryn, 1996; Kristensen & Closs, 2008b). This pattern could be related to 
environmental differences among study sites; the lower part of the Silverstream is characterised by 
minor shade, higher daily mean and fluctuations of water temperature, and a lack of shelter 
(specifically boulders) which are important for juvenile brown trout habitat (Jonsson & Jonsson, 
2011). Site 2 is characterized by a high abundance of shelter in complex substrates, the lowest water 
temperature fluctuations, and extensive shading, suggesting highly suitable habitat for YoY trout 
(Conallin et al., 2014). The combination of these listed factors at sites 1 and 2 could substantially 
affect the carrying capacity and competition level relating to shelter and shade preferences (Enefalk 
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& Bergman, 2016) and high sensitivity of YoY trout to thermal conditions (Ayllón, 2013; O'Briain 
et al., 2019). This can explain the highest spring values of fish loss rate at Site 1 and the seasonal 
increasing of YoY trout loss rate at Site 2, suggesting possible “bottleneck” conditions in spring for 
Site 1 and in summer/autumn for Site 2. At Site 3, low values of YoY’s density in combination 
with high availability of habitats suitable for juvenile trout rearing suggests that there is a low level 
of intra-cohort competition across the rearing seasons. Thus, heterogeneous environments can 
drive competition at my study sites and affect the results of this study.  
The density-dependence of the highly dynamic loss rate of migratory offspring at 
lowland sites and the low stable density of stream resident offspring in the headwaters is in 
agreement with published studies, and suggests a reduction of the regulatory role of biological 
factors as conditions shift from favourable to more unfavourable. Elliott’s (1987) study was 
focused on the key-factors determining population dynamics of juvenile brown trout in English 
streams used by both migratory and resident forms for spawn. Elliott’s (1987) data on 
reproductive input of migratory brown trout versus progeny abundance during the early season 
were fitted to Ricker’s (1975) stock/recruitment model. No analogous relationship between 
deposited egg densities and surviving progeny for resident trout was established by the author. 
Elliott concluded that the results provided evidence for Haldane's (1956) hypothesis that 
density dependent factors become less important, and density independent more important, as 
the environment changes from optimal (which were used by migrants in my study) to hostile 
(which were used by residents in my study). Similar conclusions were reached by Vøllestad 
and Olsen (2008) who studied Norwegian brown trout and Velez-Espino (2013) who worked 
with North American brook trout (Salvelinus fontinalis). My results provide additional 
evidence for this ecological phenomenon. 
No significant environmental effect for fish loss rate was observed in my study, but the 
importance of discharge on YoY migrations and thus population dynamics was evident in the January 
data, which were strongly affected by flow. The January data were collected under high flow 
conditions following a moderate flood, that also coincided with the new moon when fish 
movements were assessed (Hayes, 1988; Slavík et al., 2012). In total, 124 YoY fish moving 
downstream were captured within 24 h at Site 2 at flow conditions 312-534 L/sec. Eighty of these 
individuals were captured between 21:00h and midnight at flows of 436-463 L/sec. To compare 
changes in migration intensity relative to discharge, the trap was deployed again the next day from 
9 PM to 12 AM when flows were greatly reduced (298-291 L/sec). Only 17 downstream-moving 
juveniles were captured. The results from Site 2 are also consistent with the results from the 
January sampling completed at Site 1 under high flow conditions. In total 16 YoY trout emigrants 
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were detected within 24 hours under flow 834-1751 L/sec, which was the highest observed 
migration rate for that location after the spring. Thus, my data demonstrate the importance of the 
flow on juvenile trout population dynamics. As a caution, the use of of fry traps to estimate 
migration data of YoY brown trout carries with it the risk of obtaining information influenced by 
unplanned environmental conditions. The use of PIT-tagging or Wolf trap may be a preferable 
method of assessing salmonid migration allowing continuous collection of data (Ombredane et al., 
1998; Jonsson & Jonsson, 2011). Both techniques allow registering of the targeted fish passing the 
transect point by PIT-tag antenna or trap. However, for both methods the loss of information and 
equipment during flood events is a significant risk (Holmes at al., 2014; Aarestrup et al., 2018). 
Different study designs can produce contradictory results to the same question. In this 
case, fine-scale (this study) versus broad-scale (Chapter 2) data collected at Site 3 provided 
alternative answers when testing hypotheses regarding the temporal dynamics of YoY brown 
trout populations. In Chapter 2, I showed a fivefold seasonal increase of YoY trout density in 
the Silverstream headwaters. In contrast, fine-scale sampling in the same area demonstrated a 
rapid increase of YoY trout abundance only the month following emergence in November; 
thereafter, the density of this cohort of fish was relatively constant. The delayed appearance of 
YoY trout in headwater reaches, compared to the downstream areas, can be explained by later 
emergence associated with lower temperatures (Appendix B) which extended the period of 
embryogenesis (Réalis-Doyelle et al., 2016). As a cautionary note, when testing scientific 
hypotheses, the results can vary when using alternative sampling approaches. Finally, for the 
detailed sampling of YoY trout abundance across the area intensively utilized by adult 
migrants for spawning and as examined by this study, I have shown that for this parameter it 
can be demonstrated that there can be a significant effect of parental reproductive input on 
offspring density. 
3.5 Conclusions 
My results demonstrate a strong spatial variation in the seasonal population dynamics 
of YoY brown trout abundance in Silverstream, and the factors likely driving those dynamics. 
The densities of deposited eggs and juvenile fish were proportional at sites intensively used by 
migratory adults for reproduction, but not proportional at other sites, leading to the conclusion 
of varying relationships between density of deposited eggs and subsequent YoY trout 
abundance depending on where I sampled. The effects of density and migration on YoY 
brown trout loss rate were significant only at lowland study sites, reflecting spatial 
heterogeneity in carrying capacity. Thus, competition amongst YoY migratory brown trout 
appears to have been driven in these locations by both fry density and environmental quality 
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(Elliott, 2006). This result supports previous studies (Elliott, 1987; Vøllestad and Olsen, 2008; 
Velez-Espino, 2013) demonstrating a shift from density-dependence to density-independence 
of YoY trout population dynamics from as environmental conditions shift from preferable to 
severe.  
Finally, I did not find any consistent effects of abiotic factors on YoY’s loss rate.  
However, but the importance of stream discharge for YoY brown trout migration was 
demonstrated by the results completed during a January flood, again consistent with published 
data (Holmes at al., 2014; Bergerot & Cattanéo, 2017; Aarestrup et al., 2018). These findings 
assessing the role of various environmental and biological factors driving YoY brown trout 
population dynamics contribute to the knowledge on the ecology of the species. 
In summary, this study highlights knowledge gaps in species-environment interactions 
and the rearing and reproductive ecology of brown trout in the Southern Hemisphere. Some of 
the relevant questions that arise from these information limitations include: 1. What are the 
spatiotemporal dynamics of stream carrying capacity for YoY brown trout in Silverstream? 2. 
What causes the mismatch between parental investment and offspring abundance in 
populations of stream residents? 3. What is the reason for high adult brown trout spawning 
mortality in Silverstream? 4. Why is the abundance of spawning stock much lower than in 
comparable systems in the Northern hemisphere?  
All these uncertainties leave room for further investigations. 
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Chapter 4. Does intracohort competition determine migratory and resident 
life-histories of brown trout? 
Abstract 
1. Decisions relating to migration made by the juveniles of partially migratory animals can 
determine the life-history of subsequent life stages, which given their high ecological tolerances 
can utilize a variety of habitats, explaining much of the success of such species. 
2. This study aims to test the hypothesis that the outmigration of the YoY (young-of-the-year) 
stage of brown trout Salmo trutta from nursery streams is initiated by intra-cohort competition 
for resources, and thus initiating the divergence of the migratory and resident life-histories. 
3. To test the hypothesis, competition intensity was evaluated by analyzing the territorial and 
energetic restrictions on YoY trout from hatching (October) until autumn (April) at three sites 
along the lower, middle and upper courses of Silverstream. The effect of competition on YoY 
loss rate was examined along the study sites, which are used for spawning and rearing by 
brown trout having either migratory or resident life-histories. 
4. My results suggest a significant effect of competition on YoY trout daily loss rate in high 
density lowland populations originating form adults with a migratory life-history. Previous 
studies have shown that loss rate, resulting from YoY’s out-migration, likely leads to a 
migratory life-history in the emigrants. In the stream headwaters, inhabited by low densities 
of resident trout, competition intensity was low, and did not affect the population dynamics of 
YoY fish. 
5. I conclude that high competition intensity driving emigration of YoY trout from the stream 
are primarily determined by the effects of energy restrictions rather than territorial limitations.  
4.1 Introduction 
Competition can trigger animal migrations due to resource limitations and 
environmental restrictions (Tissot et al., 2017), facilitating the movement to alternative and 
diverse habitats and enabling adaptation to variable environments (Lundberg, 1988; Chapman 
et al., 2012). However, the interrelationships between the top-down effect of competition and 
bottom-up effect of environmental factors in determining animal migration are still poorly 
understood. Some studies indicate density-dependent competition, driven by food and space 
limitations, can initiate migration of some individuals leading to the self-thinning of the 
remaining population (Keeley, 2003; Guiñez, 2005). Other studies suggest that abiotic 
environmental factors are more important regulators of abundance (Jiang & Kulczycki, 2004). 
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Species that exhibit partial migration are excellent models for testing the factors driving 
animal movement over the course of their life cycle (Chapman et al., 2012). The life-history 
variation of partially migratory species which are able to shift between migratory and resident 
phenotypes, represents a flexible trade-off between responses to variable environments and 
the phenotype of individuals (Jonsson & Jonsson, 1993; Watts et al., 2017). Decisions that 
determine whether an animal will remain resident or migratory occur during the early life 
stages, and once a life-history is ‘chosen’, it is relatively fixed for the entire life of the 
individual (Chapman et al., 2012). If migration is initiated during early life-history, it usually 
occurs once an individual has attained an age-related, genetically determined threshold 
(Mohapatra et al., 2015). Once this threshold has been crossed, migration can be triggered by 
density-dependence when competition drives the population dynamics (Murdoch, 1994; 
Dennis & Trapper, 1994), or by various environmental factors when movement is primarily 
regulated by specific determinants such as stream flow or temperature (Holmes et al., 2014; 
Aldven et al., 2015; Bergerot & Cattanéo, 2017). 
Brown trout Salmo trutta is a classic example of partially migratory species, exhibiting a 
diverse range of life-histories following juvenile rearing in headwater streams, from 
remaining resident to migration to downstream lotic, lentic, and/or oceanic habitats (Elliot, 
1994). In open river-lake-marine systems, the distribution of life-histories represents the 
continuum of three major forms: 1) small resident fish inhabiting headwater streams and small 
tributaries; 2) potamodromous fish inhabiting the main-stems of rivers and/or lakes; and 3) fast-
growing anadromous fish migrating from streams to marine environments (smolting) and 
back (Jonsson & Jonsson, 2011). Different life-histories may often interbreed in spawning 
streams (Charles et. al., 2005; Railsback et al., 2014). Whilst some juveniles remain in nursery 
streams and complete their life-cycles therein, others may disperse downstream, variously 
reaching and successfully exploiting riverine, lentic, brackish and marine environments 
before returning to spawn (Jensen et al., 2008). These flexible phenotypic responses can occur 
within individuals originated from the different life-histories interbreed in spawning areas 
(Ferguson et al., 2017). 
Brown trout introduced to New Zealand represent an ideal model for testing the role of 
intra-specific competition in initiating the early life-history migration that leads to the 
expression of a diverse range of migratory adult life-histories. Naturalized populations of New 
Zealand brown trout originated from mixed European stocks (Thomson, 1922; McDowall, 
1994), and have established a diversity of migratory and resident life-histories (Kristensen, 
2006; Hayes, 2010; Jones & Closs, 2017). The success of brown trout in New Zealand has been 
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attributed to the limited ability of the native fish community to compete against this invasive 
species (McDowall, 2006) and few natural predators (Jellyman et al., 2017). Limited inter-
specific competition and predation means the impact of intra-specific competition can be 
studied in relative isolation in a population characterised by low genetic diversity (Berrebi, 
Schikorski, Mikheev, unpubl. data; A. Canning, personal communication, May 28, 2019).  
In the previous chapters of this thesis, I presented the results of watershed-level 
landscape and fine-scale (tributary) studies of young-of-the-year (YoY) brown trout 
population dynamics (Chapter 2, Chapter 3) and concluded that the observations are broadly 
consistent with previously published New Zealand and European research (Hayes, 1995; 
Environment Agency, 2003; Olsson & Greenberg, 2004). At the landscape scale, a strong 
relationship between YoY trout population dynamics and geomorphology of the catchment 
was evident (see also Kristensen & Closs, 2008a; Jones et al., 2019). I found that the temporal 
dynamics of YoY trout in the Taieri River catchment are most likely driven by the spatial 
distribution of migrant and resident adult life-histories. In lowland river reaches, high parental 
investment by large fecund migratory fish likely leads to density-dependent competition for 
resources amongst YoY fish. In contrast, in more isolated upstream reaches, which are largely 
inaccessible to large migratory adults, smaller-stream resident brown trout produce a relatively 
low YoY density. These dynamics are consistent with other New Zealand and European 
studies demonstrating density dependence causing the seasonal decline of juvenile abundance 
of brown trout and other salmonids in many spawning and rearing streams (Hayes, 1995; 
Bohlin et al., 2001; Flitcroft et al., 2012; Foley et al., 2018). 
In this chapter, I test the main hypothesis of the thesis that the outmigration of YoY brown 
trout is initiated by intra-specific competition for resources, particularly for drifting 
invertebrate prey. I tested this hypothesis in Silverstream, a significant spawning and rearing 
stream and tributary of the Taieri River for brown trout. Density-dependent outmigration of 
juveniles occurs along the lowland reaches relatively soon after hatching in parts of 
Silverstream where high numbers of eggs incubate in that part of the stream (Chapters 2 & 3; 
Kristensen & Closs, 2008a). In contrast, in the headwaters which are inaccessible to large 
migratory adults and populated by relatively small resident adults, low YoY densities and 
stable population dynamics are evident (Chapters 2 & 3; Kristensen & Closs, 2008b). Based on 
data from previous studies, I assessed the intensity of competition in three different 
populations of YoY trout along a downstream gradient of Silverstream having differing levels 
of offspring production. Competition intensity was assessed by estimating and comparing the 
demands for energy and space of the growing population of YoY with the capacity of the 
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stream to provide space and food. Stream capacity was estimated using data on fish habitat 
suitability, invertebrate drift, energetic demand and trophic selectivity of YoY trout. The 
competition intensity was used to predict YoY brown trout population dynamics, specifically 
the likelihood of these young fish remaining within a reach or out-migrating. 
I predicted that the effect of competition on YoY trout population dynamics would differ 
between populations of YoY characterized by different fish densities and originating from 
either migratory or resident life-histories. This prediction is based on contrasting patterns of 
YoY abundance over the length of the stream, with self- thinning occurring by the initially-
abundant YoY brown trout in the lowland reaches, contrasting with initially-low abundance 
and stable population dynamics of the fish population living the upland reaches. These 
patterns are typical for stream-dwelling populations of brown trout studied elsewhere 
(Chapter 2 & 3; Keeley, 2003; Einum et al., 2006, Lobón-Cerviá, 2008; Kristensen & Closs, 
2008a; Myrvold & Kennedy, 2015; Jones et al., 2019). 
I also hypothesised that in spring, the high density of newly hatched trout in the lower 
reaches of Silverstream that has high numbers of YoY fry cannot be supported by the existing 
resources available within the stream ecosystem. Moreover, in summer warm temperatures 
further increase the energetic demands of fish, and energetic constraints occur at a population 
level when food supply is unable to meet these demands. This likely also leads to self-thinning 
phenomenon, a consequence of the high levels of juvenile salmonid energy requirements and 
space-demands exceeding that provided by the Silverstream ecosystem in its lower reaches 
(Keeley, 2003; Lobon-Cervia, 2008; Hayes, 2010). 
4.2 Materials and methods 
The main hypothesis was tested by examining the intensity of competition on the YoY 
trout daily loss rate. Competition intensity was expressed as the fish density / stream-carrying 
capacity ratio. Stream carrying capacity was estimated using data on invertebrate drift, fish 
diet and habitat preferences which were measured monthly along three Silverstream study 
sites (Chapter 3). Assessment of fish density and loss rate are described in Chapter 3. 
4.2.1 Study area 
Data to test the main hypothesis were collected along Silverstream from October to 
April, representing the seasonal rearing periods from YoY emergence to mid-autumn of the 
Austral calendar year. The same sampling sites 1, 2 and 3 (Chapter 3) where YoY brown trout 
were monitored during summer 2016-2017 were used for these analyses (Figure 1.4). The 
lower and middle reaches of the stream (sites 1 and 2) are used for spawning and rearing by 
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migratory brown trout from the main stem and estuary of the Taieri River (Kristensen et al., 
2011). The upper Silverstream (Site 3) is inaccessible to migrants due to a weir constructed as 
a part of the Dunedin water supply scheme in 1881 (Dunedin, 2018). The height of the weir is 
about 6 m, and only resident brown trout occur upstream of the weir (although juvenile fish can 
migrate downstream) (Figure 1.7). See Appendix B for a description of the major habitat 
characteristics of the study sites. Monthly sampling of invertebrate drift and benthos was 
conducted at all three sites from October 2016 until April 2017. For the evaluation of YoY 
trout diet, fish were collected only at sites 1 and 2. Fish were not sampled at Site 3 due to the 
low densities of YoY trout (see Chapter 3). 
The water temperature data were used to develop the model of trout energetic 
requirements presented in Table 4.1. Continuous water-temperature monitoring occurred at 
the three study sites in order to allow for modelling of the daily energetic requirements of the 
study fish (Elliot, 1994; Elliot & Hurley, 1998; Hughes et al., 2003). Water temperature was 
collected using data loggers (HOBO 64K-UA-002-64). Temperatures were recorded hourly 
from September 2016 to October 2017 at Site 1, from July 2016 to October 2017 at Site 2, and 
from November 2016 to October 2017 at Site 3. 
To calculate the habitat suitability index (HSI) required for weighted usable area (WUA) 
calculations that were then used for the stream carrying capacity modelling, stream habitat 
diversity was assessed at each study site by measuring water velocity, depth and substratum 
composition. Each of the three 30m-long sections used for routine fish sampling (see Chapter 3) 
was divided into cells, with each cell representing an area of relatively homogeneous habitat. Thus, 
the habitat complexity of the section determined the number and area of the cells. The number of 
the cells within each study site ranged between 42 and 67, with the area of individual cells varying 
from 0.64 to 12 m2. Water velocity (m/sec) was measured using a Marsh-McBirney 2000 Flo-Mate 
portable flowmeter. Water depth (cm) and substratum composition, following the Wentworth scale 
(Chapter 2), were determined using a ruler. All these measurements were completed at baseflow 
conditions, which represent most of the flow at the Silverstream from spring to fall. 
4.2.2. Fish sampling 
To evaluate the YoY trout habitat suitability index (HSI) required for calculating 
weighted usable area (WUA) during the time of invertebrate drift sampling matching to daily 
peak of trophic activity of stream – dwelling salmonids (Kreivi et al., 1998; Conallin et al., 
2012; Johnson, McKenna, 2015; Johnson et al., 2016), the following procedure was 
established at sites 1 and 2. Visual assessments of individual YoY trout positions were 
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conducted by spotlighting after sunset at baseflow conditions along the three monitored 
sections (see Chapter 3). Depth, nose-point water velocity and substratum composition were 
recorded at the point where each YoY individual was observed (see Chapter 2). The presence 
of cover (macrophytes, wooden debris etc.) was not assessed given the limited use of cover 
by trout at night (Conallin et al., 2012, 2014). In total, habitat suitability was described for 
1,154 individuals at Site 1 (517 fish in Oct, 352 fish in Nov, 186 fish in Dec, 46 fish in Jan, 
31 fish in Feb, 18 fish in Mar, 4 fish in Apr) and 1,276 fish at Site 2 (140 fish in Oct, 373 fish 
in Nov, 320 fish in Dec, 119 fish in Jan, 226 fish in Feb, 73 fish in Mar, 25 fish in Apr). For 
modelling carrying capacity and precise determination of habitat preferences relative to fish 
size, some individuals were captured by dip net, anaesthetized in 20-60 mg L-1 solution of 
AQUI-S (clove oil), measured (with 1 mm precision), weighed (with 0.1 g precision), and 
released at the point of capture after recovery (Table 4.1).  
Table 4.1 Water temperature and individual biomass of fish used for carrying capacity model 
undertaken on Silverstream for sites 1, 2 and 3 from Oct 2016 to Apr 2017. 
Month 
Water temperature (oC) 
 
Fish mass (g) 
 
Site 1 Site2 Site 3 Site 1 Site2 Site 3 









































Note: mass of the fish presented as mean with number of weighted individuals and SD in brackets. 
 
To determine changes in diet over time and location, and the energetic implications of 
feeding selectivity, fish gut samples were collected monthly at sites 1 and 2. Fish were not sampled 
for diet at Site 3 due to the low densities of YoY trout. To ensure gut contents were representative 
of actual feeding selectivity, YoY trout were collected after sunset, minimizing the time since peak 
diurnal and crepuscular feeding activity (Kreivi et al., 1998; Conallin et al., 2012). Fish were 
captured by spotlighting and dip netting simultaneously with nearby invertebrate drift sampling 
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(described below). At each sampling location, 11-15 YoY trout were collected (see Table E2.7 of 
Appendix E2). Captured individuals were euthanized by an overdose of AQUI-S, and then 
preserved in 90% ethanol. In the laboratory fish were measured (±0.1 mm) and weighed (±0.1 g). 
The stomach contents were analyzed, with invertebrate prey items identified to the lowest practical 
level using the keys of Winterbourn et al. (2006) and online guides 
(http://www.landcareresearch.co.nz, http://www.niwa.co.nz). Total length of all invertebrates was 
measured using an ocular micrometer for subsequent dry weight calculation (see Appendix E1). 
Where invertebrates were partly digested, only the head width was measured with a precision of 
0.02 mm for subsequent reconstruction of total length and calculation of dry weight (Stoffels, Karbe 
& Paterson, 2003). 
 
4.2.3. Invertebrate sampling 
To estimate the density and biomass of invertebrate prey available for YoY brown trout, 
both terrestrial and benthic invertebrates were sampled from the water column and benthic 
substratum. To accommodate spatial variation in abundance, four similar riffles at each site 
were selected for routine sampling, with each riffle >30 m from the nearest sampled riffle to 
avoid impacting adjacent sites. One drift net per riffle was deployed in the middle of the riffle 
and the same location was used on all sampling occasions. Drift sampling was performed on 
seven dates each at sites 1 and 2 and on five dates at Site 3 (Tables 4.2 Table 4.3). 
Table 4.2 The dates of the invertebrate drift sampling at sites 1, 2 & 3 on Silverstream. 
Site 1 Site2 Site 3 
24 October 16 24 October 16  
10 November 16 10 November 16  
12 December 16 12 December 16 14 December 16 
21 January 17 21 January 17 16 January 17 
20 February 17 20 February 17 18 February 17 
20 March 17 20 March 17 18 March 17 




Table 4.3 Physical characteristics of the riffles chosen for routine sampling of invertebrate 
drift at the three Silverstream study sites across Austral spring to fall YoY brown trout 
rearing season 2016-2017. 
Characteristic Site 1 Site 2 Site 3 
Length of the riffle (m) 
16.8 ± 2.8 
(13-25) 
17.8 ± 4.1 
(9-27) 
10.9 ± 2.0 
(7.6-17.8) 
Mean depth (cm) 
14.3 ± 2.2 
(10-20) 
9.3 ± 0.8 
(7-10) 
12.3 ± 1.0 
(10-15) 
Mean water velocity (m/s) 
0.75 ± 0.12 
(0.5-0.8) 
0.51 ± 0.03 
(0.44-0.55) 
0.66 ± 0.11 
(0.44-0.85) 




8.3 ± 1.4 
(5-10) 
12.5 ± 3.2 
(5-20) 
Percentage of cobbles in bottom substratum 
(%) 
43.3 ± 5.8 
(30-50) 




Percentage of gravel in bottom substratum (%) 
53.8 ± 17.5 
(15-100) 
77.5 ± 7.8 
(60-95) 
30.0 ± 5.4 
(15-40) 




7.5 ± 1.8 
(5-10) 
7.5 ± 2.5 
(5-15) 
Bottom substratum compactness (1 – weak to 4 
– tight) 
2.8 ± 0.6 
(1-4) 
3.0 ± 0.6 
(2-4) 
3.3 ± 0.3 
(3-4) 
Notes: the data presented as mean ± standard error with maximum and minimum in brackets. 
 
Invertebrates drift nets were 1 m long nets and conical (mouth diameter 25 cm, 400 µm 
mesh). Sampling was conducted at water depths of 8-20 cm, and always during baseflow 
conditions. Because most of the drift occurs after sunset (Allan & Russek, 1985), nets were set 
60 min after astronomical sunset and left for 2 hours. In addition, the diel cycle of drift density 
and biomass of drifting invertebrates was estimated at Feb 2017 by setting 4 nets per Site 1 at 6 
times during a single 24- hour cycle. Three sets of samples were collected at night and three 
by day, as follows: before and after sunset, in the middle of the night (and day), and before and 
after sunrise. To determine flow velocity (m/s) and volume (m3) of the filtered water, flow 
velocity was recorded at the start and at the end of each sampling for each of the nets using a 
Marsh-McBirney 2000 Flo-Mate portable flowmeter and averaged over the duration of 
sampling for each of the sample. 
To sample the benthic macroinvertebrate community, Surber samples (frame size 25 х 25 
сm, mesh 500 µm) were collected. Benthic samples were collected at the same riffles as 
macroinvertebrate drift samples, and four Surbers (one per riffle) were collected during each 
sampling event. Macroinvertebrates were collected near installed drift net by disturbing bottom 
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substrata for 3 min to a depth of 10 cm. The benthos sample was taken downstream installed 
driftnet to prevent disturbance of the bottom substrate upstream the net. 
Both drift and benthic macroinvertebrate samples were preserved in 90% ethanol. In the 
laboratory, samples were processed under a stereomicroscope (Olympus SZ51, magnification 
10 – 40X). Invertebrates were identified to the lowest practical level using the keys of 
Winterbourn et al. (2006) and online guides (http://www.landcareresearch.co.nz, 
http://www.niwa.co.nz). In the laboratory, the large particles were removed from the samples, 
and the samples were then subsampled using a plankton splitter (Motodo, 1959) into 1/8, 1/4, 
1/2 and 3/4 subsamples. Macroinvertebrates were stained with Rose Bengal. All 
macroinvertebrates from the subsamples were counted and their body length measured using 
1 mm mesh background in mm-size classes (0-1 mm, 1-2 mm, etc.). The processing of the 
subsamples was continued until 300 macroinvertebrates were counted, and rest of the sample 
was checked for rare taxa. Then the number of macroinvertebrates were proportionally 
calculated to 100% of the sample. 
4.2.4. Data analysis 
To test my main hypothesis that intracohort competition determines the life-history of 
trout, the competition intensity was assessed as the fish density / stream carrying capacity ratio 
and used as a predictor for the YoY trout daily loss rate. Competition intensity (CI) was 
calculated as the ratio of observed fish density (FD, ind./m2) and stream carrying capacity (CC, 
ind./m2) using the formula: CI = ln FD / ln CC. 
In brief, the modelling of stream carrying capacity was based on maximum theoretical 
abundance (based on the weighted usable area (WUA) and fish foraging area) adjusted by 
predicted food limitations of YoY trout (based on energetic content of invertebrate drift, trophic 
selectivity of YoY trout, probability of prey capture by fish and the energetic requirements). 
The CC was estimated for each of three 30m-long sections within sites 1 and 2 for every month 
from October 2016 to April 2017. At Site 3 CC was evaluated from December 2016 to April 
2017. 
To estimate the maximum theoretical abundance of YoY trout, WUA was calculated for 
each cell of each of three 30m-long sections of the examined stream sites using the habitat 
suitability index (HSI) (Sutton et al., 2006; Appendix D1-D5, F). The WUA was calculated 
following the algorithm utilized in the Physical Habitat Simulation (PHABSIM) Software 
(Milhous & Waddle, 2012). To calculate the maximum theoretical abundance of YoY trout per 
cell of the 30-m sections within each site, the WUA of the cell was divided by the feeding area 
62  
(FA) of individual trout. The calculation of FA was based on reaction distance of the fish, size 
of the prey, water velocity, maximal sustainable fish speed, and fish size. Detailed descriptions 
of the WUA and FA evaluations are presented in Appendix F (Steps 1 & 2). Next, the maximum 
theoretical abundance of YoY trout was corrected by predicted fish energetic requirements and 
energetic value of drifting invertebrate prey. Data from each cell were summarized to obtain 
section- and month-specific values of maximum theoretical abundance of YoY trout 
individuals. To estimate CC, corrected section- and month-specific values of the maximum 
theoretical abundance of YoY trout were divided by the area of each monitored section. 
To estimate the food limitation experienced by YoY trout, the energetic limitations were 
calculated using fish energetic requirements, the energetic content of invertebrate drift, trophic 
selectivity of YoY trout, and the probability of prey capture by fish. To evaluate site- and 
month-specific values of the daily energetic requirements of YoY trout (cal/day), the equation 
of Elliot & Hurley (1998) was used (Appendix F Step 3). The daily energetic requirements of 
YoY trout were evaluated for specific water temperatures and the individual biomass of fish 
(Table 4.1). To estimate the energetic value of drifting invertebrates entering each cell, the data 
on energetic content of possible prey items drifting into the foraging area of fish (cal/day) was 
calculated using published taxon-specific “body length - dry mass” models (Appendix E1) and 
the caloric values of the dry mass of invertebrates calculated by Akbaripasand et al. (2014) 
(Appendix F Step 4). The caloric values of prey were reduced proportionally to the percentage 
of the drift used by YoY trout as food (Appendix F Step 5). To predict fish energetic 
limitations, the effect of depletion of invertebrate drift by YoY trout (Hayes et., 2016; Naman 
et al., 2016) in conditions of different density was calculated, and applied as a reduction 
coefficient for the theoretical density of fish (Appendix F Step 6). Thus, carrying capacity was 
calculated as the maximum theoretical abundance of YoY trout restricted by food limitations. 
The methods used to analyze both invertebrates and fish gut content data are presented in 
Appendix E1. Appendix E2 includes the results of the analysis of fish food resources and YoY 
trout trophic selectivity. The major steps of modelling the stream carrying capacity are 
presented in Appendix F. The procedures used to estimate YoY trout density and instantaneous 
daily loss are presented in Chapter 3. 
To estimate the effect of CI on fish loss rate, linear regressions using the lm package in 
R (R Core Team, 2017) were applied. The data from each of the three sections along each site 
were analysed. Data from each of three 30m stream sections per site were used as a replicate. 
The CI data measured at the start date of the period used for loss rate calculations was set as 
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the predictor, and the loss rate data was used as a response variable. Data were checked for 
normality prior to the analysis. Residuals were plotted against predictors and a Q-Q plot was 
used to check for the normality of residuals. Residuals versus leverage plots with the calculation 
of Cook’s distance were used for identifying influential outliers in a set of predictor variables. 
Separate one-way ANOVAs followed by Tukey HSD post-hoc tests were used to compare the 
CI among the three sites for each month. Prior to these ANOVAs, data were checked for 
normality and homogeneity of variances (using Levene’s tests) and LN, log10 or 4
th root 
transformed if necessary. The partial eta-squared estimates were calculated to determine the 
strengths of the relationship between the analysed variables. The aov, etasq, leveneTest and 
TukeyHSD functions in R version 3.4.3 (R Core Team, 2017) were used. 
To compare sites 1, 2 and 3 with regards to YoY trout CI and food limitations, I calculated 
the restrictions on YoY trout density by food (Lf) and used a one-way ANOVA followed by 
Tukey HSD tests to compare Lf values across sites for each month. The Lf value was calculated 
by subtracting the CC values from the theoretical maximal density of YoY trout. The difference 
between theoretical maximal density of YoY trout and CC (or Lf value) was expressed as a 
proportion of maximum density. Thus, the Lf value can vary between 1 and 0, where 1 
represents the model prediction of an absence of food resources to support the energetic 
requirements of fish, and 0 is when the model predicts sufficient food to sustain the full 
theoretical maximum density of YoY trout (i.e. the unlimited food scenario). 
To evaluate the relative contribution of the different components used for calculations of 
the values of Lf, and thus the predicted limitations on fish density by food (Lf), a multiple linear 
regression model was applied. In this, the drift caloric content (E, cal/day), theoretical maximal 
density of YoY trout (FN, ind./m2) and fish energetic demands (Er, cal/day) were used as 
predictor variables. For E, the site- and month-specific caloric content of drift was calculated 
using the average of the samples collected on each sampling event. The Er value was calculated 
for each of the three monitored sections by the procedure described in Appendix F (Step 3). 
The Lf data was used as a response variable. The linear regression calculations were performed 
using the lm package in R. Data were checked for normality prior to analysis and transformed 
if necessary, using fourth-root or LN-transformations. The initial model did not include all the 
listed terms (E, FN, Er). Thus, the simplest model, with one predictor versus one term, was 
applied. The reliability of the fitted model was tested by checking normality of residuals. 
Residuals were plotted against predictors by Q-Q plots, and residuals versus leverage plots with 




4.3.1. Competition intensity in relation to population dynamics of YoY brown trout 
The ratio of density of YoY fish to stream carrying capacity, and thus competition 
intensity (CI), varied across sites and season. At Site 1, YoY density was close to carrying 
capacity in spring and early summer, whereas it was much lower than the carrying capacity 
of the stream after December (Figure 4.1). Consequently, mean CI values were high (0.60-
1.04) until December and declined to <0.50 thereafter (Table 4.4). At Site 2, high (0.60-
1.08) mean CI values were typical for most months except January and April (Table 4.4). 
Fish density was generally close to carrying capacity at Site 2 (Figure 4.2). The population of 
YoY trout at Site 3 (resident fish only) was characterized by a large gap between the stream 
carrying capacity and fish density (Figure 4.3), indicating low CI values across all months 
(Table 4.4). Post-hoc tests revealed significant differences between mean CI values at Site 3 
and sites 1 and 2 for most sampling months, whereas a significant difference between Site 1 
and 2 occurred only for October (Table 4.4). 
Table 4.4 Mean competition intensity (CI) at the Silverstream sampling sites 1, 2 and 3 in 
summer 2016-2017 between YoY brown trout expressed as the ratio of fish density (FD, 
ind./m2) to stream carrying capacity (CC, ind./m2) using the formula: CI = ln FD / ln CC. 
Adjusted p-values of Tukey HSD tests used for multiple comparisons of CI among the three 
sites. 
Site Oct Nov Dec Jan Feb Mar Apr 
1 
0.87 ± 0.06 
(0.78-0.98) 
0.70 ± 0.07 
(0.57-0.83) 
1.04 ± 0.17 
(0.72-1.29) 
0.49 ± 0.03 
(0.46-0.54) 
0.36 ± 0.03 
(0.30-0.40) 
0.23 ± 0.17 
(-0.11-0.42) 
-0.11 ± 0.02 
(-0.13-(-0.08)) 
2 
0.68 ± 0.03 
(0.65-0.71) 
1.01 ± 0.07 
(0.75-1.19) 
0.68 ± 0.06 
(0.56-0.76) 
0.56 ± 0.04 
(0.51-0.64) 
1.08 ± 0.12 
(0.86-1.29) 
0.61 ± 0.06 
(0.50-0.70) 
0.29 ± 0.08 
(0.22-0.35) 
3   
0.08 ± 0.02 
(0.05-0.11) 








p-value 1 vs 2 0.0384 0.7094 0.1811 0.8941 0.9598 0.9649 0.2240 
p-value 1 vs 3   <0.0001 0.0003 0.0609 0.0465 0.0018 
p-value 2 vs 3   0.0002 0.0002 0.0435 0.0341 0.0004 
Notes: CI values are presented as mean ± SE of the proportion of LN-transformed values of YoY trout density and 
stream carrying capacity, with 95% confidence limits below the line; p-values < 0.05 are in bold; number of degrees 





Figure 4.1 Carrying capacity (grey box) and observed density (white box) of YoY trout in 
Site 1 across Austral spring-fall rearing seasons 2016-2017. The data presented in modified 






Figure 4.2 Carrying capacity (grey box) and density (white box) of YoY trout in Site 2 across 
Austral summer 2016-2017. The data presented in modified box and whisker plots include 





Figure 4.3 Carrying capacity (grey box) and density (white box) of YoY trout in Site 3 at 
Austral summer 2016-2017. The data presented in modified box and whisker plots include 
mean, standard error and 95% confidence limits. The Y-axis is in log10-scale. 
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Linear regressions confirmed positive associations between competition intensity and 
YoY trout loss rate for Site 1 but not for sites 2 and 3 (Figure 4.5). CI was positively related 
to YoY trout daily loss rate at Site 1 (F1,15=5.95, t= 2.439, p=.028, R
2= .24). At Site 2, a 
positive but non-significant trend was evident in the data (F1,16=2.28, t= 1.512, p=.150, R
2= 
.07) (Figure 4.6), whereas at Site 3 CI values were generally low and showed no relationship at 
all with loss rate (F1,12=0.0008, t= -0.029, p=.98, R




Figure 4.4 The relationship between competition intensity and YoY brown trout daily loss rate 




Figure 4.5 The relationship between daily loss rate of YoY brown trout and competition 





Figure 4.6 The relationship between competition intensity and daily loss rate of YoY brown 
trout at Site 3 (headwaters of the model stream) in the rearing season spring-fall 2016-2017.  
4.3.2. The energetic constraints on the maximum theoretical abundance of YoY trout 
The predicted constraints on the maximum theoretical abundance of YoY trout as 
determined by the available food resources varied across sampling sites (Fig 4.8). In 11 of 20 
instances, the theoretical maximal density of YoY trout could not be supported by the amount 
of food supplied by the stream ecosystem. Food was predicted to be limiting at Site 1 across 
most of the months, excluding January and February. The corresponding ANOVA confirmed 
that food limitation was the highest at Site 1 across all pairwise comparisons except for in April 
(Table 4.5). Food limitation at Site 2 was predicted only for December, February and April. At 
Site 3, food limitation was predicted to affect fish abundance from January to April (Fig 4.8). 
Table 4.5 Adjusted p-values of Tukey HSD tests used for multiple comparisons of predicted 
food limitation (Lf) across sites 1, 2 and 3 during Austral summer 2016-2017.  
  Site 1 (2)  
   versus                 Dec Jan Feb Mar Apr 
  Site 2 (3)  
p-value 1-2 0.0002 (Site 1) 0.0006 (Site 1) 0.9740  
p-value 1-3 <0.0001 (Site 1) 0.0026 (Site 1)  
p-value 2-3 0.001 (Site 2) 0.0022 (Site 2) 
 
Notes: p-values below 0.05 are in bold; the site ranking with the highest values of food limitations in brackets; 
number of degrees of freedom is 2 in all pairwise comparisons; the missing p-values in the table means that a 
pairwise comparison could not be completed due to the absence of data on food limitation (Lf) at corresponding 




Figure 4.7 Food limitation of YoY trout density (Lf) ranging from 0 to 1 predicted for sites 1, 2 
and 3 across Austral summer 2016-2017. Bars represent means and error bars represent 95% 
confidence limits. 
Linear modelling confirmed that food limitation of YoY trout density (Lf) was 
negatively associated with invertebrate drift caloric content and positively with fish energy 
requirements (Figure 4.9). Food limitations were highest at Site 1 and decreased further 
upstream, as indicated by the strengths of the significant negative relationships between drift 
caloric content and predicted limitations of YoY trout abundance by food at Site 1 (F1,19= 137.4, 
t= -11.72, p=<.001, R2= 0.87) and Site 2 (F1,19=12.22, t= -3.496, p=.002, R
2= 0.36). A positive 
relationship between the temperature-based fish energetic demand (Er value) and energetic 
restrictions of fish density was observed only at Site 3 (F1,11=28.7, t= 5.357, p=<.001, R
2= 
.67). No significant relationships between the theoretical maximal density of trout and food 
limitation were detected (Figure 4.9). 
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Figure 4.8 The predicted limitations of YoY trout abundance by food restrictions versus drift 
caloric content, theoretical maximal density of fish and fish energy requirements at study sites 
1, 2 and 3. Trend lines are presented only when significant relationships were detected. 
4.4. Discussion 
The results of this study confirmed my a priori prediction that intra-specific competition 
amongst YoY trout would be strongly related to loss rate in dense lowland populations of 
juveniles, initiating the first step in establishing a migratory life-history. In Silverstream, 
positive relationships between intra-cohort competition intensity and YoY brown trout loss 
rate only occurred only at the two sites downstream of the weir which blocked the upstream 
migration of large fecund migratory adults. Previous studies in Silverstream and along other 
lowland spawning tributaries of the Taieri River have also found high densities of YoY trout in 
spring, followed by a dramatic drop in abundance over the following months (Chapters 2 & 3; 
Kristensen et al., 2008a; Jones et al., 2019). High densities of YoY trout along the lower-altitude 
reaches of Silverstream are a consequence of the high parental spawning investment (Chapter 
3) by large fecund migratory trout migrating into spawning tributaries from mainstem lowland 
river and estuarine environments (Kristensen et al., 2011). According to the findings of the 
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present study, the rapidly growing biomass of YoY trout that resulted from the parental 
investment of migratory adults soon exceeded the capacity of the stream to support them, 
resulting in a mismatch between energetic and spatial requirements of fast-growing young fish 
and available resources. These results suggest that intracohort competition can drive self-
thinning (Keeley, 2003; Lobon-Cervia, 2008; Hayes 2010), which results in YoY density 
declining, significantly associated with out-migration (Chapter 3). 
In contrast, upstream of the weir in Silverstream at the site occupied by stream resident 
trout, YoY biomass remained relatively low, with no evidence of intense intra-cohort 
competition among YoY fish, or significant out-migration. These patterns of population 
dynamics are consistent with previously published studies of upland streams occupied by 
resident populations of brown trout and other salmonids elsewhere (Kristensen & Closs, 2008a; 
Lobón-Cerviá, 2009; Myrvold & Kennedy, 2015; Jones, 2019). This pattern suggests an 
upstream decrease of density dependence, consistent with my findings in earlier chapters of this 
thesis (Chapter 2 & 3), and in previous European studies (Elliott & Elliott, 2006; Nicola et al., 
2008) which described an downstream to upstream spatial shift from density-dependent to 
density-independent regulation of YoY trout. 
In Silverstream, an energetic deficit appears to be the likely underlying mechanism 
driving YoY trout out-migration, potentially causing individual YoY trout to diverge into a 
migratory life-history. In populations of stream salmonids, self-thinning maintains an 
energetic balance between the available resources and the constantly increasing biomass of 
the growing YoY trout (Rosenfeld & Tonn, 2014). As energetic and spatial resources become 
limiting (mostly due to a temperature-driven increase of metabolic rate), density starts to 
decrease as a consequence of out-migration or mortality (Einum & Nislow 2005; Jonsson, 
2017). The reduction in fish density in watersheds flowing to alternative rearing habitats in 
downstream areas, allowing for immigration of adult fish back to their natal areas for 
spawning, is strongly associated with emigration of juveniles (Chapter 3; Holmes et al., 2014). 
Thus, this situation can lead to the initiation of contrasting resident and migratory behaviours 
including adfluvial and anadromous life–histories (Northcote, 1992; Jonsson & Jonsson, 1993; 
Cucherousset et al., 2005). The alternative tactic, which is migratory, is adopted by juvenile 
trout and is driven by limitations of two major resources – space and amount of invertebrate 
drift, which is the primary food source for stream-dwelling trout (Elliot, 1970; Naman et al., 
2016). The results of my study suggest a primary regulatory role for food limitation rather 
than space limitations. 
My findings support those of earlier studies indicating carrying-capacity limitations in 
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populations of territorial animals which can drive migration, and while also revealing some 
knowledge gaps. For example, the likely regulatory role of food limitation for the abundance 
of YoY trout in Silverstream is consistent with literature review published by Maher and Lott 
(2000), who demonstrated that food limitation was the most important factor mediating 
territorial behavior. In my study, I have not integrated aggression into my calculations, and 
factoring in the territorial behaviour of stream-dwelling brown trout (Titus, 1990; Kristensen 
& Closs, 2008b) would probably increase the precision of modelled carrying-capacity 
estimates. Ayllón et al (2012) incorporated territorial behaviour into their models of brown 
trout carrying capacity, demonstrating that aggressive interactions can reduce the theoretical 
maximum density of stream brown trout, with their prediction being subsequently confirmed 
in 12 Mediterranean populations for a 12-year study period. Whilst using both regulatory 
factors (food and behaviour) when modelling carrying capacity could improve precision, in 
practice, relationships between food availability and territoriality amongst stream brown trout 
are not always clear. Some studies demonstrate an absence of food-abundance effects on 
stream salmonids aggression (Brännäs et al., 2003; Toobaie & Grant, 2013), whereas others 
suggest weak support for increased territoriality when energy is limiting (Dunbrack et al, 1996; 
Näslund & Johnsson, 2016). How or, indeed, if to include territoriality when modelling the 
population dynamics of stream trout thus remains unclear. 
My findings also indicate that a better understanding of the factors affecting the 
population dynamics of salmonids, food abundance and predator-prey interactions in stream 
environments is required. Surprisingly, the highest competition intensity was observed at Site 
2, but this was not significantly linked to population dynamics. This likely suggests that other 
factors are also controlling population dynamics, contradicting my expectations to some 
degree. Site 2 was characterised by high habitat complexity and riparian shading (Chapter 3). 
These features can significantly reduce agonistic interactions and territoriality, potentially 
increasing carrying capacity of the stream (Höjesjö et al., 2004). Further, my study focused on 
the factors driving the population dynamics of YoY trout, but published data on the 
interacting factors affecting later juvenile and adult life-history stages of brown trout are still 
limited, particularly for New Zealand streams. Furthermore, the factors affecting the 
dynamics of food abundance, trophic selectivity and prey capture probabilities for salmonids 
also need to be investigated further, to obtain a deeper understanding of the mechanisms 
underlying ecosystem functioning. The findings of this and previous chapters suggest that 
difference in density of an offspring of large migratory and small resident brown trout can 
lead to a difference in competition amongst YoY fish. Where competition amongst YoY trout 
was estimated to be intense, marked density reduction of YoY fish was evident. The high 
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reproductive input by large migratory brown trout into what is a relatively small stream 
environment likely results in a mismatch between of stream energy supply and the growing 
energetic demands of the juvenile fish. This conclusion is consistent with previous studies 
suggesting density-dependent regulation of population dynamics of juvenile trout in reaches 
dominated by the spawning of large fecund migratory brown trout (Chapters 2 and 3; 
Kristensen et al., 2008a; Kristensen et al., 2011; Jones et al., 2019), and suggests intracohort 
competition can result in self-thinning (Keeley, 2003; Lobon-Cervia, 2008; Hayes 2010) 
through out-migration (Chapter 3; Holmes et al., 2014). Incorporating a behavioral component 
(Titus, 1990; Kristensen & Closs, 2008b) into the modeling of trout abundance would likely 
improve the precision of our estimates of stream carrying capacity, similar to European 
studies (Ayllón et al., 2012). Uncertainties in the relationships between food availability and 
territoriality also provides scope for future research. Also, the present study was limited to a 
single tributary of Taieri River, hence wider application of the findings must be made with 
caution. Regardless, the patterns presented here are broadly consistent with population 
dynamics observed elsewhere, and at the very least, the present study highlights the potentially 
significant role that energetic constraints can play in controlling the population dynamics of 
YoY brown trout. 
  
75  
Chapter 5. Homing and straying of brown trout in Taieri River catchment 
Abstract 
1. Natal homing and straying are the opposite behavioral tactics of migratory animals which 
leave their nursery habitats at an early life stage to grow and mature in an alternative 
environment and return to breeding grounds for reproduction. 
2. This study aims to estimate homing precision and the proportion of straying individuals in a 
population of brown trout Salmo trutta spawning in a coastal tributary of the 4th longest New 
Zealand river. To date there is no published information on rates of homing for populations of 
brown trout introduced into New Zealand. 
3. To examine brown trout homing and straying in a river catchment, otolith microchemical 
analysis was applied. I used discriminant function analysis to compare the trace element 
composition in the otoliths of YoY (young-of-the-year) trout collected at spawning streams 
across the catchment and adult trout reproducing in Silverstream. 
4. The results showed that only eight from a sample of 30 spawning adults in Silverstream 
originated from Silverstream. Another five fish likely originated from other Taieri tributaries 
further upstream, but the origin of the remaining 17 could not be determined. 
5. The low homing and high straying rate of brown trout reproducing in Silverstream is contrary 
to published studies based on wild populations of brown trout in Europe, and several other 
species of salmonids. Low homing may be a consequence of the geomorphology of the Taieri 
catchment, and highlights the adaptability of brown trout to different environmental contexts  
5.1 Introduction 
Natal homing is a behavioural trait that occurs in many migratory animals, including 
both native and introduced populations of salmonids (Quinn, 2005). Homing, or returning to 
place of origin for spawning, is potentially beneficial for reproductive success (Keefer & 
Caudill, 2014). Fish returning to their natal stream or breeding grounds increase the likelihood 
of encountering a mate in a habitat suitable for both reproduction and survival of early life-
history stages (Bentzen et al., 2001). Individuals and populations may also be adapted to 
reproducing in a specific spawning area, and are characterized by certain phenotypic, genetic, 
and behavioural traits that maximise fitness in that habitat (Taylor, 1991). Whilst there are 
many examples of salmonid homing (Keefer & Caudill, 2014), studies of the homing of 
salmonids outside their native range is scarce (Tilzey, 1977; Unwin & Quinn, 1993). 
Straying is the additive migratory tactic to homing, contributing to maintaining genetic 
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diversity and creating potential for the colonization of new habitats (McDowall, 2001; 
Stephenson, 2006; Waples et al., 2008). Salmonid evolution has been closely associated with 
the development of anadromy, driven by increasing ocean productivity associated with the 
cooling of the climate since the Oligocene (Gross, Coleman, McDowall, 1988; McDowall, 
2001; Crête-Lafrenière et al., 2012; Shedko et al., 2012). During the last glaciation, 
continental ice-sheets drastically affected the distribution of salmonids, which then 
recolonised streams as the ice sheets retreated (Power, 2002). Clearly, the straying of 
anadromous fish from their natal streams has played an important role in the recolonization of 
new habitats during in post-glacial conditions (Sanz, Garcia-Marin & Pla, 2000; Seifertová et 
al., 2012), and has continued to be an important process for contemporary salmonid 
populations (Milner & Bailey, 1989; Pess et al., 2012; Scribner et al., 2017). 
Brown trout Salmo trutta adult life-histories and homing precision are remarkably 
variable due to their ability to use different migratory tactics and explore variable feeding 
habitats for growth and maturation (Jonsson & Jonsson, 2011). In river systems that allow 
upstream return of adults, brown trout are represented by a continuum of life-histories from 
small stream residents in headwaters to a variety of migratory forms inhabiting the river main 
stem, lakes, and estuarine environments in the catchment. Despite the diversity of life-
histories, all these forms require cool, well-oxygenated stony streams for reproduction, and 
often intermix on spawning grounds (Charles at al., 2006; Goodwin et al., 2016). Frequently, 
the breeding areas used by large fecund migratory fish for reproduction are characterised by 
high abundance of newly hatched fry. This leads to density-dependent self-thinning through 
out-migration (Chapters 2 - 4; Holmes et al., 2014) when juvenile salmonid biomass exceeds 
the available food supply and space (Chapter 4; Keeley, 2003; Lobón-Cerviá, 2008; Hayes 
2010). Intense intra-cohort competition drives young trout to out-migrate from natal streams, 
initiating the establishment of a diversity of life-histories (Montorio et al., 2018). Large fecund 
migrants returning to spawn in small streams potentially establish a positive feedback loop, 
and when there is a mismatch between juvenile abundance and available resources, these 
conditions drive outmigration of surplus production. However, the precision of natal homing 
is unclear, with some studies indicating high precision (Berg & Berg, 1987; Sambrook, 1990; 
Jonsson et al., 2004), but others indicating a high proportion of straying individuals (Knutsen 
et al., 2001b; Degerman et al., 2012; Jensen et al., 2015; King et al., 2016). This chapter aims 
to estimate the homing and straying rates of brown trout reproducing in a tributary of the 
Taieri River catchment, which is 4th longest New Zealand river, using otolith microchemistry 
as an analytical tool. Based on the previous studies (Chapters 2 - 4; Kristensen et al., 2008a; 
Jones et al., 2019), I expect young fish out-migrating from Silverstream will return as adults to 
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spawn, thus creating a feedback mechanism that will drive competition and initiate juvenile 
outmigration. 
This study also represents an opportunity to evaluate the potential of otolith 
microchemistry as a tool for identifying natal origin of spawning brown trout in Silverstream, 
which is one of the New Zealand South Island coastal tributaries of Taieri River used for 
spawning by migratory and resident trout (Kristensen et al., 2008a; 2011). I used YoY 
(young-of-the-year) trout collected at major spawning streams across the catchment to 
compile baseline otolith micro-elemental data. The micro- elemental compositions of these 
YoY trout otoliths were used as a baseline classification in order to compare to the juvenile 
signatures obtained from the otoliths of large post-spawning adult fish collected from 
Silverstream. 
I predict that a high proportion of brown trout spawning in the Silverstream will have 
returned to their natal stream. These predictions are based on published examples of natal 
homing of brown trout (Tilzey, 1977; Jonsson et al. 2004, 2018; King et al., 2016) and the 
accessibility of Silverstream for migratory trout based on the location of the stream and the 
effect of obstructions on both the spawning distribution of anadromous trout (L’Abée-Lund, 
1991; Bohlin et al, 2001) and YoY fish abundance (Chapter 2; Jones et al., 2019). However, 
the geomorphology of the Taieri River catchment may also increase the proportion of fish 
straying from their natal streams further upstream. Fish dispersing from the Taieri catchment 
upstream of the middle gorge are unlikely to return to this part of the catchment to spawn, 
given the presence of rocky cascades and small waterfalls in this part of the river. Kristensen et 
al. (2011) observed very few anadromous fish spawning upstream of the middle gorge based 
on their analysis of the trace element content of trout eggs. High rates of straying could be 
also be associated with range-edge effect and a high proportion of straying individuals under 
the harsh environmental conditions (Sambrook, 1990; Dittman & Quinn, 1996; Knutsen et al., 
2001b; Jonsson et al., 2004; Keefer & Caudill, 2014; King et al., 2016; Bett et al., 2017). 
This study addresses a knowledge gap related to rates of homing of New Zealand brown 
trout, which is important for both management and conservation. Only one other study has 
examined homing in the Southern hemisphere, finding a high rate of homing in a land-locked 
population of brown trout in Lake Eucumbene, New South Wales, Australia (Tilzey, 1977). No 
information on brown trout homing has been published for brown trout introduced to New 
Zealand. Finally, the data on brown trout homing is important for both management of 
recreational fisheries (Holmes et al., 2018) and conservation of freshwater biodiversity 
(McDowall, 2006; Jellyman et al., 2017) in New Zealand. 
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5.2 Materials and methods. 
5.2.1 Study catchment 
To test the predictions outlined above, YoY fish were first sampled from known 
spawning streams across the Taieri River catchment located in Otago, South Island of New 
Zealand. Five YoY trout were sampled per sites 1-9 (Figure 5.1) within several months 
following emergence in order to develop baseline data. Sampling aimed to catch the YoY fish 
whilst resident within their natal streams (Chapter 3), thus otolith microchemical signatures 
should reflect the water chemistry of their natal stream. 
Thirty dead pre- or post-spawning adults were also collected from the Silverstream for 
otolith extraction and analysis (Stream 1, Figure 5.1). Silverstream is the most downstream 
major spawning tributary in the Taieri River catchment, and consistently supports a 
significant spawning run of migratory fish in late autumn/winter. The dead fish were collected 
over two spawning seasons, 2016 and 2017. Fish were collected along the 23 km long stream 
reach between the upstream weir and Taieri River confluence used by anadromous and 
potamodromous trout for spawning (Kristensen et al., 2011) (Figure 3.1).  
 
 
Figure 5.1 Brown trout spawning tributaries of Taieri River used for fish sampling: 1 – 
Silverstream; 2 – Big Stream, 3 – Christmas Creek; 4 – Deep Stream; 5 – Nenthorn Stream; 
6 - Sutton Stream; 7 – Cap Burn; 8 – Kye Burn; 9 – Saw Burn 
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For microchemical analysis, the sagittal otoliths from both adult and YoY trout were 
first prepared by polishing. After extraction, the otoliths were cleaned and left to dry and then 
one otolith from each pair was mounted flat on a microscope slide using thermoplastic glue 
(Crystalbond 509). Each side of the otoliths were polished using fine sandpaper (P1500 and 
P2000 grit) and abrasive lapping film (30 and 3 µm, 3M). The polishing was finished after the 
clear visual identification of the otolith core at the exposed surface. The quality of polishing 
was assessed using a light microscope Olympus SZ2-ILST with magnification 10 – 40X. 
5.2.3 Otolith analyses 
To establish the origin of adult fish spawning at the Silverstream a trace-element 
analysis was performed by quadrupole laser ablation inductively coupled plasma mass 
spectrometry (Q-LA-ICPMS) [Agilent 7500cs Q-ICPMS coupled to a Resonetics (now ASI) 
RESOlution M-50-LR excimer 193-nm laser] at the Centre for Trace Element Analysis located 
in the University of Otago, Dunedin, New Zealand. The otolith samples were ablated using the 
transection method. The horizontal laser ablation transects were oriented from the core of the 
otolith to the edge of trout otolith across the zone optimal for investigating chronological data 
series (Aymes et al., 2016) (Figure 5.2). Each sample was ablated at 20 Hz with speed 10 µm/s 
and laser beam size equal to 70 µm. Ablation occurred in an atmosphere of pure helium (Eggins 
et al., 1998). NIST SRM 612 was employed as the calibration standard and was ablated for 40 
s after every 10 samples. MACS-3 powdered calcium carbonate standard was ablated at the 
beginning of every laser session.  
 
Figure 5.2 The Aymes’s (2016) schematic illustration of the otolith of 3-year-old brown trout 
with zone the optimal for chronological data transects. The arrow indicates the location of 
transect segment which I used for analysis. 
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For analysis, I used the data on microchemical composition across the 50-micron long 
segment of transect located 200-250 microns from the core of otolith extracted from both 
juvenile and adult fish (Figure 5.2). I assumed this section of the transect reflects the period of 
otolith formation whilst the YoY trout inhabited their natal stream (see Dodson et al., 2013b), 
and hence should carry a trace element signature reflective of that stream. The assumption is 
based on the results of analyses of otolith microstructure completed by Dodson and co-authors 
(2013b) and results of YoY otoliths analyses completed by Jones (2018) in the Taieri River 
catchment. I avoided using of the chemical composition of the area located near the core of the 
otolith for the study given this region may carry a maternal trace element signature (Gabrielsson 
et al., 2012). I assumed that interannual variation of the water chemistry is minimal across 
spawning streams leading to temporal stability in the trace element signature in the collected 
otoliths (see Barnett-Johnson et al., 2010; Olley et al., 2011; Martin et al., 2013; Ryan et al., 
2016). 
The raw machine-output data were corrected using IOLITE Version 2.50 run on Igor Pro 
(Version 6.37) (Paton et al., 2011). The internal standard for trace elements concentration was 
43Ca, and elements were expressed as element molar weight to 43Ca molar ratios. Fourteen 
elements concentrations were analysed (7Li, 11B, 23Na, 24Mg, 25Mg, 27Al, 31P, 39K, 
55Mn, 64Zn, 85Rb, 88Sr, 137Ba, 138Ba). I used 22 measurements of trace elements obtained 
from a 50 µm long section of the prepared otolith transect for individual adult and YoY fish. 
The data from five YoY individuals from one tributary was combined in the data set which 
consists of 110 measurements for each of the element used for analysis as described in Olley 
et al. (2011). 
5.2.4 Data analyses 
To determine the origin of adult brown trout reproducing in the Silverstream, a linear 
discriminant analysis (LDA) was applied. The lda function in the MASS package implementing 
maximum-likelihood estimation for estimating means and variances was applied in R version 
3.4.3 (R Core Team, 2017). To characterize the element:Ca signatures of sampled streams an 
LDA model was trained on 110 values of six elements (23Na, 55Mn, 64Zn, 85Rb, 88Sr, 
138Ba) from the otoliths of YoY trout sampled from nine Taieri river tributaries (Figure 5.1). 
The classification success of the LDA model was calculated by jack-knife cross validation 
matrices. The model was further used to predict the most probable stream of origin for the 30 
spawning fish collected in the Silverstream and an average from the 22 measurements of the 
concentration of every element were used. Thus, the classification of individual adult fish was 
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based on one value of concentration of each of the six elements chosen for analysis. The 
validation results for the classification of the Taieri River tributaries using YoY data and the 
individual spawning fish data set indicated that the model would perform satisfactorily (Table 
5.1) in predicting the stream of origin for spawning fish, with low level of misclassification 
occurring between streams. 
The preliminary analysis of the data was performed by principal component analysis 
(PCA) applied to examine the variation of the element:Ca ratios, and I choose the elements 
most valuable for distinguishing between the tributaries of the Taieri River catchment based 
on the chemistry of YoY trout otoliths. The prcomp function was applied in R version 3.4.3. 
The distribution of datapoints of 14 elements from sampled streams 1-9 (Figure 5.3) 
demonstrated that classification of the YoY fish based on composition of all analysed traced 
elements could not be applied for the classification procedure. The exclusion of 7Li, 11B, 
24Mg, 25Mg, 27Al, 31P, 39K, 137Ba from the analysis improved the determination of YoY 
trout from individual stream (Figure 5.4). After the elimination of listed trace elements, the 
data were used for the LDA. 
Before the calculations of the normality of data were tested, a LN transformation was 















Figure 5.4 PCA plot showing the distribution of 23Na, 55Mn, 64Zn, 85Rb, 88Sr, 138Ba in YoY trout 
otoliths sampled from nine tributaries of the Taieri River catchment. 
5.3 Results 
The discriminant model predicted the origin of 13 from 30 of the Silverstream adult 
brown trout spawning fish, based on the comparative classification of the otolith trace element 
signatures obtained from YoY trout collected from nine major spawning tributaries around the 
Taieri River catchment. Eight (26.7%) of the spawning fish were classified as belonging to 
Silverstream while five (16.7%) of the adults were grouped to other streams within the Taieri 
River catchment, and the origin of 17 specimens was unknown (Table 5.2). The cross-
validation results for classification of the Taieri River tributaries by YoY’s otolith chemistry 
indicated that the model classified the YoY trout correctly with an average precision of 
88.4%. The highest precision was established for Cap Burn, Deep Stream, Nenthorn Stream 
and Silverstream. The precision of YoY trout samples collected from the remaining streams 
varied between 72.7% and 89.1%. The highest level of misclassification occurred between 
Christmas Creek, Kye Burn and Saw Burn located in opposite parts of Taieri catchment.  
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Table 5.1 The cross validation LDA classification of YoY brown trout to their site of capture 
based on 110 measurements of six elements (23Na, 55Mn, 64Zn, 85Rb, 88Sr, 138Ba) across the 
section of otolith transect chosen for analysis. The number and percentage of correctly classified 
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Table 5.2 Summary of final classification of 30 brown trout spawners from Silverstream 
Silverstream Big Stream Cap Burn Kye Burn Unknown 
8 (26.7%) 2 (6.7%) 1 (3.3%) 2 (6.7%) 17 (56.7%) 
     
It is noteworthy that the predicted origin of brown trout spawning in the Silverstream 
demonstrated a high proportion of straying adults. Final assignment results demonstrated that 
roughly a quarter of brown trout reproducing in Silverstream originated from this stream. Three 
of the adults spawning in Silverstream had either Cap Burn and Kye Burn as their natal stream, 
indicating catchment-wide connections across the catchment of the Taieri River. 
5.4 Discussion 
I confirmed a high proportion of straying brown trout individuals were spawning in 
Silverstream. Published studies on natal homing of brown trout completed at the small-brook 
scale for both natural (Frank et al., 2012) and introduced populations of the species (Tilzey, 
1977) shows much lower proportion of straying breeders in comparison to my data. Moreover, 
at open-to-sea river scale, the proportion of straying individuals is often close to zero. For 
natural populations of brown trout, 82 - 100% of spawners reproducing in such rivers, natally 
home to their natal streams; these results are close to data on homing for other species of 
salmonids (Table 5.3).  
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Table 5.3 The homing precision of brown trout and other salmonids to their natal streams as 
shown in the published literature. 




Brown trout (BT), wild Istra River, western Norway 100 Jensen, 1968 
BT, wild Vardnes River, northern Norway 84.5 Berg and Berg, 1987 
BT, wild South Norway 97-99 Jonsson et al. 2004, 2018 
BT, wild South-west England 90 King et al., 2016 
BT, stocked Luleälven River, Bothnian Bay, Sweden 88.7 Degerman et al., 2012 
BT, stocked Skellefteälven, Bothnian Bay, Sweden 95 Degerman et al., 2012 
BT, stocked Umeälven, Bothnian Bay, Sweden 87.5 Degerman et al., 2012 
BT, stocked Gideälven, Bothnian Sea, Sweden 53.8 Degerman et al., 2012 
BT, stocked Ångermanälven, Bothnian Sea, Sweden 90.7 Degerman et al., 2012 
BT, stocked Indalsälven, Bothnian Sea, Sweden 66.7 Degerman et al., 2012 
BT, stocked Ljungan, Bothnian Sea, Sweden 57.1 Degerman et al., 2012 
BT, stocked Ljusnan, Bothnian Sea, Sweden 62.5 Degerman et al., 2012 
BT, stocked Dalälven, Bothnian Sea, Sweden 93.1 Degerman et al., 2012 
BT, wild Piteälven River, Bothnian Bay, Sweden 82 Östergren et al., 2012 
BT, wild and introduced Vindelälven River, Bothnian Bay, Sweden 37 Östergren et al., 2012 
BT, wild Chicheron Brook, Meuse basin, Belgium 55 Frank et al., 2012 
BT, wild and introduced Esva, Navia, Porcia Rivers, northern Spain 0-45.9 Ayllon et al., 2006 
BT, introduced Lake Eucumbene, Australia 66.7-100 Tilzey, 1977 
Atlantic salmon S. salar 
(AS), wild 
River Imsa, south-western Norway 94.2 Jonsson et al., 2003 
AS, stocked River Imsa, south-western Norway 84.6 Jonsson et al., 2003 
AS, wild Rivers draining to Baltic Sea 97 Carlin, 1969;  
AS, wild British and Irish rivers 98 Thorpe, Mitchell, 1981 
AS, stocked River Conon, Scotland 81.1 Mills, 1994 
Chinook O. tshawytscha 
(ChiS), wild 
Wenatchee River, Washington, USA 96 Ford et al., 2015 
ChiS, stocked Wenatchee River, Washington, USA 71 Ford et al., 2015 
ChiS, stocked Rakaia River, New Zealand 87.9 Unwin & Quinn, 1993 
Sockeye salmon O. 
nerka (SS), wild 
Lake Shikotsu, Japan 83 Ueda, 2012 
SS, stocked Hidden Lake, Alaska 58 Habicht et al., 2013 
Coho O. kisutch, 
 wild and stocked  
Vancouver Island, Canada 98 Labelle, 1992 
Masu salmon O.masou, 
wild 
Atsuta River, Hokkaido, Japan 92.4 Kitanishi et al., 2012 
Chum salmon O. keta 
(ChuS), wild 
Vancouver Island, British Columbia 46-100 Tallman, Healey, 1994 
ChuS, stocked Prince William Sound, Alaska 36-100 Brenner et al., 2012 
Pink salmon O. 
gorbuscha (PS), wild 
Russian Far East 90-95 Klyashtorin, 1989  
PS, wild Auke Creek, Alaska 93.3-95.6 Mortensen et al., 2002 
PS, stocked Prince William Sound, Alaska 2-100 Brenner et al., 2012 
PS, stocked Western Sakhalin, Russia 62.6 Glubokovsky, Zhivotovski, 1989 
PS, stocked Eastern Sakhalin, Russia 52.1 Glubokovsky, Zhivotovski, 1989 
PS, stocked Gulf of Aniva, Russia 92.5 Glubokovsky, Zhivotovski, 1989 
PS, stocked Iturup Island, Russia 88.6 Glubokovsky, Zhivotovski, 1989 
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The landscape geomorphology can be considered as a main factor driving the high 
straying of brown trout in the Taieri River catchment. The location of the Silverstream, close 
to the estuarine part of the catchment, suggests that this stream is the most readily accessible 
spawning site for individuals which have dispersed downstream from the headwaters of the 
Taieri River. Fish that migrated downstream as juveniles through the Taieri Gorge are unlikely 
to be able to return to the headwaters to spawn, and thus must seek out an alternate spawning 
stream (Figure 5.5). The significant surplus in spawning capacity of lowland spawning 
tributaries of the river (Appendix C1), and the observation of fish most likely originating from 
Kye Burn and Cap Burn spawn in Silverstream, indicate this pattern of movement is plausible. 
The effect of geomorphology on spawning distribution of adults has been shown previously in 
European anadromous brown trout, with a negative association existing between altitude and 
the density of sea-run fish offspring (Figure 5.6, Bohlin et al, 2001), consistent with the 
significant relationship of YoY trout abundance and elevation in the Taieri catchment 
(Chapter 2). Additionally, this pattern could be confirmed by the findings of L’Abée-Lund 
(1991) of positive associations of altitude and distance with size and age of sea-run spawners 
(Figure 5.6), highlighting the barrier effect preventing of reaching upland spawning areas by 
anadromous fish and the comparatively easy accessibility of Silverstream spawning grounds. 
 
 
Figure 5.5 An elevation profile of Taieri River catchment represented as altitude a.s.l. versus 
distance from river mouth with indication of Taieri Gorge position and location of the 





Figure 5.6 A) Bohlin et al., (2001) relationship between altitude and recruitment of different 
life-histories of brown trout. B & C) L’Abée-Lund’s (1991) relationships between altitude, 
and distance of migration with size of mature anadromous brown trout in Norwegian Rivers. 
The non-native and introduced origin of brown trout inhabiting Taieri River catchment 
can be used as an additional explanation for high rates of straying among Silverstream 
spawners. Several studies have shown that low homing rates and high straying in stocked 
populations of brown trout (Degerman et al., 2012) and other salmonids (Table 5.3) is 
associated with the lower genetic diversity leading to reduced ability to adapt to variable 
environment of introduced fish in comparison to native trout (Hindar et al., 1991). Not only 
hatchery cultured fish releases but other anthropogenic activities can also increase straying in 
salmonids. A low proportion of returning migrants was observed for brown trout from River 
Navia (Iberian Peninsula), heavily impacted by damming (Ayllón et al., 2006). The 
recruitment of the small sub-population of brown trout inhabiting this river is mainly 
supported by spawners straying from adjacent river catchments. 
My results on straying and homing of brown trout reproducing in Taieri River 
catchment could be different if alternative study designs were implemented. For example, I 
was unable to establish the origin of more than half of the sampled brown trout spawning at 
Silverstream, which could be associated with the limited number of sampled locations across 
the Taieri River catchment. Straying of spawners from adjacent catchments that were not 
assessed could have influenced the results. Increasing the number of sampling sites and 
numbers of fish captured across the various spawning grounds in the Taieri River catchment 
could increase the proportion of fish with a successfully identified origin. Additionally, I only 
examined the natal origins of spawners collected from one lowland stream, and while this 
revealed the proportion of natal/non-natal breeders in this system, the findings of low homing 
of Silverstream brown trout could be camouflaged by the high number of strays originating 
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from further up the catchment. The collection of spawning adults from across the catchment, 
including sites located further upstream, would be necessary for a more-complete the 
evaluation of homing of brown trout throughout the Taieri River catchment. Based on the 
results of this study, I hypothesize that there will be higher precision of natal homing of 
potamodromous trout inhabiting the middle and upper courses of the Taieri River due to 
geomorphological specifics of the landscape discussed above. 
Regardless of my research limitations, this study provides the first results on the 
homing – straying ratio of New Zealand brown trout, and the first application of otolith 
microchemistry for this purpose, which undoubtedly has fundamental and practical 
significance for fisheries science and management. The results that I have provided suggest 
that the management of brown trout populations cannot be successful when undertaken on a 
stream- by-stream basis but need to be performed for whole catchments and, possibly, 
adjacent catchments. Also, high intermixing (Kristensen et al., 2011) of the potamodromous 
and anadromous trout at lowland spawning grounds has assumedly reduced genetic diversity 
of migratory life-histories in examined catchment. Correspondingly, stream residents 
inhabiting upland sites which migratory trout are unable to reach should tend to exhibit higher 
genetic diversity in comparison to migratory trout due to isolation effect, which has been 
confirmed for the population inhabiting the isolated Silverstream headwaters (Berrebi, 
Schikorski, Mikheev, unpubl. data).  
Diversity at both the inter- and intra-species level enhances recovery from disturbance 
(Reusch & Hughes, 2006; Richards et al., 2010). The lower genetic diversity and, thus, greater 
vulnerability to stressors of migratory trout from one side, is thus balanced by cohabitation of 
more genetically diverse resident life-history from the other side. This can represent the 
mechanism of genetic pool conservation under variable environmental conditions, where 
refugia populations are providing a source for recolonization. This has been confirmed for 
postglacial dispersal of the brown trout (Sanz et al., 2000; McKeown et al., 2010). 
This final chapter of this thesis links high straying of spawning adult brown trout with 
the data on population dynamics of YoY fish in Taieri River catchment and the results of 
previous studies. The working hypothesis of a feedback loop between early life-stage and 
spawners of brown trout in Taieri River catchment can be postulated as follows. The previous 
studies determined density-dependence of the population dynamics of YoY trout originated 
from migratory life-histories of the species in Taieri River catchment (Chapter 2 and 3; 
Kristensen et al., 2011). The daily loss rate was positively associated with emigration (Chapter 
3) driven by high intracohort competition following a mismatch of fish energetic requirements 
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and the availability of stream resources (Chapter 4). The ontogenetic niche shift of YoY trout 
(Regnier, 2012) leads to a pattern of general downward movement of juvenile fish from their 
natal streams (Cucherousset et al., 2006), resulting in the formation of a continuum of 
sympatric resident and migratory life-histories (Cucherousset, 2005; Montorio et al., 2018). 
The individuals who reach the productive brackish habitats of the river estuary and large tidal 
lake-wetland Waihola – Waipori complex (Figure 1.1) (Schallenberg et al., 2003) can realise a 
high growth potential, ultimately having the capacity to invest in a large reproductive output 
(Ferguson et al., 2017). Highly fecund anadromous females make a significant input to the 
recruitment of brown trout across the lower catchment of the Taieri River (Cucherousset, 
2005; Jonsson & Jonsson, 2011; Goodwin et al., 2016; Ferguson et al., 2017). Thus, after 
maturation, big fecund estuarine fish migrating back upstream to spawn result in dense YoY 
populations, generating a positive feedback loop starting a new cycle of population dynamics.
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Chapter 6. General discussion and conclusion 
6.1 Major findings of this study 
Through a series of in situ studies, this thesis has aimed to better understand the factors 
driving emigration of the YoY (young-of-the-year) stage of a partially migratory salmonid from 
their natal streams, initiating individual fish to undertake alternative life-history trajectories, 
and generating the potential for migratory feedback loops as large fecund migratory fish return 
to their natal streams to spawn. Using the brown trout Salmo trutta introduced into the 
catchment of a large New Zealand river as my study model, I investigated the major factors 
driving facultative migrations of the YoY life-history stage. I found that the initiation of 
alternate migratory tactics by YoY fish was driven by both competition and environmental cues, 
with out-migration being a consequence of a resource mismatch caused by large migratory 
brown trout returning to their small natal streams for reproduction. These findings contribute 
to a better understanding of the triggers of the facultative migration that occurs in the early 
life-stage of partially migratory animals, as a genetically determined response to variable 
stress-factors (Skov et al., 2010; Ferguson et al., 2017). Despite the biological costs, 
alternative migratory tactics can benefit individuals by allowing the exploitation of more 
productive environments, enhancing fitness and reproductive potential of migratory 
individuals (Fryxell & Sinclair 1988; Nebel, 2010). Following their introduction to New 
Zealand, the remarkable ability of brown trout to establish alternate resident and migratory 
phenotypes in their new Southern hemisphere environment explains much of the success of 
the species. 
In Chapter 2, I evaluated the key factors controlling the spatiotemporal dynamics of 
YoY brown trout (density, loss rate and biological traits) through an Austral summer across the 
catchment of the Taieri River, the 4th longest New Zealand River. The pattern of YoY brown 
trout population dynamics in streams was related to altitude, which affects the distribution of 
spawning by migratory and resident adults. In lower altitude streams, spawning habitat was 
accessible to returning large and fecund migratory females, resulting in high densities of YoY 
fish in spring, followed by high loss rates. In contrast, the intensive reduction of YoY fish 
density did not occur in upstream stream reaches, where low number and biomass of YoY fish 
were observed year-round, and where resident fish across a range of age-classes dominated. 
The results indicate that, despite their origin, all stream populations of YoY brown trout are 
tending to lower densities, and thus minimizing competition. 
In Chapter 3, I tested the effect of parental spawning investment on the spring 
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abundance of YoY trout and the importance of endogenous (density and downward migration) 
and environmental (water temperature and stream discharge) factors on the YoY loss rate across 
the lower, middle and upper reaches of Silverstream through the Austral summer of 2016-2017. 
The parental spawning investment did not affect juvenile trout distribution, which was related 
to the disproportion of the abundance of YoY fish and densities of eggs previously deposited 
by adults at sampled locations. The significant correlation between density and downward 
migrations versus juvenile trout loss rate was found only for the lowland segment of 
Silverstream where the highest density of deposited eggs by migratory adults occurred. The 
limited role of biotic factors further upstream supports previous studies indicating a shift from 
density-dependent to density-independent factors controlling the population dynamics of the 
species from benign to harsh environmental conditions. The spatial differentiation in YoY’s 
density dynamics also can be related to this gradient in environmental suitability. 
Chapter 4 examined the hypothesis that the migratory life-history of brown trout was 
initiated by the emigration of YoY stages from natal streams due to competition for resources. 
Intracohort competition in relation to the YoY loss rate was evaluated from emergence in spring 
(October 2016) to autumn (April 2017) along the lower, middle and upper study reaches of 
Silverstream. Competition was estimated as a ratio of fish density to carrying capacity, the 
latter calculated by estimating territorial requirements and energetic demand and constraints 
on YoY brown trout across the study reaches. Intracohort competition significantly affected 
YoY trout loss rate and thus, both emigration and mortality, in the crowded lowland 
populations where spawning was dominated by migratory adults. In the headwaters, where the 
adults were only resident trout, there was no evidence to suggest that competition affected the 
population dynamics of YoY fish. I found that competition for food resources rather than space 
was the best explanation for the loss rate of YoY trout at the lower reaches of Silverstream, 
inducing fish into a migratory life-history pathway. 
In Chapter 5, I evaluated the precision of homing and the proportion of straying by 
migratory brown trout spawning in Silverstream, using microchemical analysis of otoliths. 
Comparison of trace elements composition of the otoliths of YoY trout collected at spawning 
streams across the catchment with adult mature trout spawning in Silverstream indicated only 
eight from 30 adults were spawning in their natal stream. Another five fish could be traced to 
tributaries further upstream in the Taieri River catchment, and the origin of the remaining 17 
not being able to be determined. I concluded that the high straying by brown trout in 
Silverstream is likely a consequence of the fish passage difficulties for returning adult fish 
due to the geomorphological context of Silverstream in the wider Taieri River catchment. 
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Despite high rates of straying across the wider catchment, a positive feedback loop whereby 
outmigration by YoY fish is driven by high rates of fecundity by large migratory adults in 
Silverstream likely sustains populations of migratory brown trout in the Taieri River catchment. 
6.2 The regulatory role of food resource limitations and environmental factors 
in population dynamics of stream salmonids 
I conclude that the emigration of YoY brown trout from natal streams is the key step 
initiating the establishment of alternative life-histories and, at least in this case, is primarily 
determined by energy restrictions rather than territorial limitations. The resources of stream 
ecosystems are limited in space, and food restrictions affect the population dynamics of stream 
salmonids through density-dependent self-thinning (Keeley, 2003; Lobón-Cerviá, 2008; 
Kvingedal et al., 2011). The results of Chapter 4 suggest food restrictions rather than 
competition for space are of primary importance. The food constraints were predicted as higher 
temperatures lead to an allometric increase of YoY trout energetic demands (Elliot & Hurley, 
1998). This result is consistent with previous studies confirming the significant role of energetic 
equivalence (Johnson et al., 2006; Rosenfeld & Tonn, 2014) driving intra- and intercohort 
competition (Kvingedal et al., 2011). In turn, competition affects fish habitat selection 
(Rosenfeld et al., 2005) leading to an ontogenetic niche shift (Regnier at al., 2012), and thus, 
dispersal of the early life stages from streams (Cucherousset et al., 2006; Chapter 2 and 3). 
Individuals that emigrate from their natal stream are on the pathway to a migratory life-history, 
as an alternative to stream residency (Northcote, 1992; Jonsson & Jonsson, 1993; Cucherousset 
et al., 2005). My results suggest the mechanism explaining loss rate is the need to achieve 
energy equivalence between stream food resources and energetic requirements of fish driven 
by metabolic allometry. These conclusions support previous studies indicating the significance 
of food limitation in establishing alternative life – histories of the species (Jonsson & Jonsson, 
1993; Olsson et al., 2006; Wysujack et al., 2009; Jones et al., 2015). Also, my findings have 
practical importance confirming the applicability of carrying capacity models for efficient 
fisheries management, conservation and restoration of endangered populations of the species in 
Europe. 
My results indicate that at the catchment scale, the population dynamics of YoY brown 
trout are determined by complex interactions between energetic restrictions and the variable 
environment of the stream ecosystem. Rosenfeld & Tonn (2014) demonstrated the importance 
of both energetic equivalence and habitat suitability for predicting the abundance of stream 
salmonids. This concept was used for the model of carrying capacity for YoY brown trout, with 
the calculations based on both habitat suitability and food limitations across the model stream. 
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The energetic limitations of YoY brown trout along the middle and upper courses of 
Silverstream were predicted for summer/autumn but not for spring, in contrast to the intense 
early season competition along the lowland study reach (Chapter 4). However, despite evidence 
for resource limitation along the middle study reach, a relationship with loss rate was not 
evident. The high habitat complexity of this middle reach may reduce agonistic interactions and 
maintain territoriality of YoY trout along this reach (Höjesjö et al., 2004). Also, environmental 
factors such as water flow can influence YoY trout emigration (Holmes et al., 2014; Aldven et 
al., 2015; Tissot et al., 2017) as seen in Chapter 3. Clearly, complex interrelationships between 
energy equivalence and the environment determine the alternant life-history choices of juvenile 
brown trout. 
6.3 The landscape and plastic response of brown trout inhabiting expanded river network 
The effect of geomorphology on the abundance and population dynamics of YoY brown 
trout and the high proportion of straying adults reproducing Silverstream determines the 
feedback loop between parents and offspring. Chapter 2 indicates the effect of altitude in the 
tributaries of the Taieri River influencing the spring density and subsequent self-thinning of 
YoY brown trout. The high spring density and positive relationship with downward migration 
of YoY fish were typical for lowland reaches (Chapters 2 & 3) where spawning is dominated 
by anadromous and potamodromous brown trout (Figure 6.1). Constraints on the spawning 
distribution of migratory fish were likely related to the presence of barriers and risk of 
mortality associated with reaching upland spawning reaches (Bohlin et al., 2001; Jonsson & 
Jonsson, 2006). An inability to return to natal streams in the upper Taieri River catchment 
best explains the high straying rate of breeding adults into Silverstream (Chapter 5), where 
stream geomorphology allows for easy access to high quality spawning habitat in the lower 
reaches (Jones et al., 2019; Chapter 2). Thus, the landscape affects the parental investment of 
migratory parents driving an abundance of YoY fish and the dynamics of the feedback loop 
between adults and offspring of Taieri River catchment brown trout. 
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Figure 6.1 The predicted distribution of anadromous (blue areas) and potamodromous (yellow 
areas) life – histories of brown trout and observed values of YoY trout density at the Taieri 
River catchment excluding landlocked populations of Mahinerangi and Loganburn reservoirs. 
Predictions are based on elevation (a.s.l. for anadromous life-history and above Taieri River 
for potamodromous trout), the results of current and previous studies (Chapter 2 & 3; David et 
al., 2002; Kristensen et al., 2011), and information provided by Otago Fish and Game 
Council. The YoY abundance from Chapter 2, David et al. (2002), Kristensen (2006) and 
Jones et al. (2019), marked as “H” and “L” for densities >0.2 ind./ m2 and <0.2 ind./ m2 
correspondingly. The area of distribution of resident life-history is not highlighted by color 
following the assumption that the majority of the streams at the catchment populated by 
stream residential trout.
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The sympatric coexistence of migratory and resident life-histories of brown trout in 
the Taieri River catchment is consistent over time (Kristensen, 2006; Jones, 2018), and 
represents a highly efficient strategy explaining much of the species success in both native 
distribution and area of introduction. The production of YoY fish along lowland spawning 
streams is driven by the high parental investment of migratory adults (Figure 6.1) and 
supports much of the recruitment across the catchments (see Goodwin et al., 2016; Rohtla et 
al., 2017). Resident trout inhabiting headwaters are less important for recruitment at the 
metapopulation scale given the relatively low densities and population dynamics of both adult 
and juvenile fish (Chapter 2 and 3). This pattern in the Taieri River catchment is consistent for 
this and previous studies (Huryn, 1996; Kristensen & Closs, 2008a; Jones et al., 2019). The 
establishing of alternative migratory tactics by the offspring of both migratory and resident 
parents (Chapter 2; Phillis et al., 2016; Ferguson et al., 2017; Watts et al., 2017), could reflect 
a mechanism of genetic pool conservation. In the case of high mortality of anadromous fish or 
low survival of eggs and embryos due to catastrophic events (floods, droughts, etc.), the 
upstream-resident stocks are more likely to survive. In such a scenario, populations of stream 
residents will be a source for species dispersal and re-establishing of the downstream 
continuum of life-histories anew. Considering specifics of Taieri River catchment 
geomorphology (Chapter 1), and presence of resident trout at streams headwaters (Chapter 2; 
Chapter 3), significant number of populations of up-river small-discharge stream residents 
will increase the chance of survival of some of them in the lower river in case of a 
catastrophic event; this will start recolonization. Such a mechanism has been confirmed for 
reinvasion of the species from refugial populations (Sanz et al., 2000; McKeown et al., 2010) 
and is associated with straying behavior. The compensatory role of productivity of resident 
life-history in conditions of low spawning efficiency of migratory trout has also been 
described for the species (Goodwin et al., 2016) and explains much of brown trout success. 
6.4 Directions of future studies 
My findings highlight some knowledge gaps and identify possible directions for future 
studies, including: 
1) Why do juvenile brown trout mostly emigrate from their natal streams earlier in New 
Zealand relative to most European studies (Jonsson & Jonsson, 2011)? I found most juvenile 
trout leave their natal streams in their first summer following emergence from redds in spring 
across the Taieri River catchment. In Europe, the most common smolt ages of brown trout are 
2 and 3 years (L’Abée-Lund et al., 1989), even for streams with median discharge less than 
0.2 m3/sec (Jonsson et al., 2001). Further, the smoltification was not observed for trout 
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reproducing in Taieri River catchment. It is possible that these differences relate to the 
inherited traits of the original stock released into the Taieri River catchment, but this is 
unknown. 
2) What are the triggers determining alternate life-histories (migratory vs. resident) in 
brown trout in both native and introduced populations? Early emigration and the absence of 
smoltification suggest the triggers of ontogenetic niche shift for young trout in Taieri River 
catchment may differ from some populations in Europe. It would be useful to use a similar 
methodological approach to compare populations in their native and introduced range. 
3) Could whole life-history models linking the trophic ecology, growth, maturation and 
seasonal distribution of brown trout in New Zealand estuaries, lakes and rivers be developed? 
After emigration from stream environment young brown trout reach main river channel, lakes 
at the catchment or river estuary, which leads to the establishment of the different life-history 
trajectories (Northcote, 1992; Jonsson & Jonsson, 1993; Cucherousset et al., 2005). These 
individuals grow faster in conditions of higher temperatures and more-abundant 
macroinvertebrate and fish prey resources, especially in productive estuarine environments 
(Knutsen et al., 2001a; Ciancio et al., 2008; Davidsen et al., 2017). However, prey abundance 
is seasonal (Hope, 1928; Sutherland & Closs, 2001; McDowall, 2006; McIntosh et al., 2010; 
Bierschenk, 2015), and hence should drive the spatiotemporal patterns of riverine, lacustrine 
or estuarine resource use and distribution by brown trout. Crucially, are the patterns of 
movement and resource use simply a response to proximate cutes, or do they represent 
underlying genetic adaptation? 
4) How does the movement of brown trout impact on lowland lentic and estuarine 
ecosystems? Whilst the negative effect of brown trout on indigenous fish and 
macroinvertebrates communities inhabiting stream ecosystems is well understood (Huryn, 
1998; McDowall, 2006; Jellyman et al., 2017; Jones & Closs, 2017), there is little knowledge 
of trout impacts on fish and food webs in lakes and estuaries, other than observations of 
distribution and diet. The introduction of brown trout in New Zealand lakes can reduce the 
abundance of native planktivorous fishes such as smelt (Retropinna retropinna) and kōaro 
(Galaxias brevipinnis), which could cause trophic cascades (Burns et al., 2014; S. Khan, M. 
Schallenberg, L. Schallenberg, personal communication April 9, 2019). Further, given the 
negative effects of introduced brown trout on native estuarine fish species elsewhere (Warner 
et al., 2015), the implications of brown trout on lentic and estuarine ecosystems deserves further 
investigation. 
5) Can New Zealand brown trout establish oceanic life-histories? For introduced brown 
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trout, the occurrence of a clear oceanic life-history has only been described for South American 
populations (Ciancio et al., 2008; Casalinuovo et al., 2017). If anadromous brown trout in New 
Zealand prefer to use estuaries and marine environments near river mouths, instead of open-sea 
environments, an evaluation of the determinants of oceanic life-history establishing by 
introduced strains of the species has both fundamental and practical significance. 
6) Can Southern Hemisphere salmonids be used as a model for investigating the 
responses of acclimatized species to novel environments? According to the migration 
continuum concept (Lucas & Baras, 2001), migrations are a behavioral phenomenon driven 
by trade-offs between migratory costs and benefits. The concept assumes that emigration from 
a natal stream occurs for exploration of alternate resource-rich environments (Gross, 1987), 
associated with the higher risk of mortality versus profit of increased fitness and high 
reproductive output for adults returning for spawn. Populations of partially migratory 
salmonids evolved a flexible response in dynamic Northern Hemisphere environments by 
establishing a continuum of life-histories (Jonsson & Jonsson, 1993). While acclimatized 
animals experienced new conditions, their plasticity allowed them to successfully occupy the 
available niches of their new environment (Thomson, 1922). However, can the migration 
continuum concept be applied to introduced populations of such species as brown trout? The 
reduced interspecies competition and low predator pressure in New Zealand freshwater 
ecosystems assumes a stronger effect by other factors on brown trout mortality. This and 
previous studies (Chapter 3; Holmes et al., 2014) show that the population dynamics in 
streams is significantly associated with emigration, but no data on the factors affecting the 
survival of brown trout in other New Zealand aquatic habitats are available. The observed 
spawning mortality of trout inhabiting Taieri River catchment suggests a lower tolerance to 
some stress-factors, perhaps associated with the non-native origin of these populations. The 
low survival and low contribution to recruitment by stocked trout relative to native 
anadromous trout was confirmed for Denmark populations of the species (Ruzzante et al., 
2004). Thus, more investigations are required to understand the response of introduced 
species to conditions of the area of acclimatization. 
7) What knowledge on the behavior and reproductive ecology of brown trout is required 
for improving predictions of abundance and population dynamics? An alternative perspective 
of stream trout abundance suggests territoriality is a key determinant of stream-dwelling 
salmonid abundance (e.g. Titus, 1990; Kristensen & Closs, 2008b; Ayllón et al., 2012; Näslund 
& Johnsson, 2016). There are multiple studies highlighting the regulatory role of aggression in 
self-thinning by dominance hierarchies (Elliott, 1990) forcing subdominant individuals to 
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emigrate (Ayllón et al., 2012; Van Leeuwen et al., 2016). However, most of the studies on 
territoriality of stream salmonids were carried out under experimental conditions (Grant, 
Kramer, 1990; Keeley, 2000; Klemetsen et al., 2003); the need to better understand the use of 
individual space by wild brown trout has been confirmed via results of behavioral studies 
conducted in situ which contradicted expectations (Gunnarsson & Steingrímsson, 2011). Other 
factors affecting both parental investment and egg survival also need to be incorporated into 
models of stream salmonid abundance. The spawning mortality of the spawners (Chapter 3) 
and the low survival of eggs and embryos (Réalis-Doyelle et al., 2016) strongly affect the 
abundance of early life-history stages (Syrjänen et al., 2015), even where environmental 
conditions are highly suitable for YoY stage. Thus, despite an extensive salmonid literature on 
this subject, more knowledge on responses of salmonids to variable environmental conditions 
is needed to improve predictions of their abundance. 
6.3 Summary and wider implications 
This thesis represents a synthesis of in situ and modelling studies on the stream 
ecology of a polymorphic salmonid, brown trout. My results suggest the mechanism 
underlying the alternative life-histories of migratory or resident occurs during decisions made 
during early life- history, and is driven by potential resource limitations related to a parent-
offspring feedback loop. My findings contribute in knowledge on ecology of the species by 
using novel approaches on evaluation of stream carrying capacity, factors driving food 
limitations in YoY trout and the application of otolith microchemistry for testing adult natal 
homing. 
Despite the challenges of collecting the diverse range of data for this approach, my 
results have practical implications for both fisheries management and conservation. I found that 
in the high-density conditions along the lowland reaches of Silverstream, emigration of YoY 
trout was influenced by competition. This competition was primarily associated with a 
mismatch between energetic content of the available food resources and fish energetic 
requirements. The energy deficit was less severe and frequent at upstream habitats, and lower 
temperatures reduced the metabolic rates of YoY trout, thus leading to reduced fish growth 
and size. Even though the prevailing temperatures were within species optimum, the observed 
food deficit can significantly reduce predicted trout abundance based on habitat suitability 
only. Most of the predictions of lotic habitat suitability for brown trout are usually based on 
flow limitation and other physical habitat characteristics (Strakosh et al., 2003; Ceola & 
Pugliese, 2014; Fornaroli et al., 2016; Galbraith et al., 2016). My results indicate that 
consideration of temperature-driven energetic restrictions can greatly improve the predictions 
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of brown trout distribution for both fisheries management and conservation purposes, with 
significant implications given the prediction of global climate change. 
My results also refine predictions of the spatial distribution of variable life-histories, and 
indicate the high straying of New Zealand brown trout from natal streams, at least for some 
situations, with significant implications for population dynamics of brown trout and the 
conservation of native fish fauna. Considering the strong negative impact of brown trout on 
indigenous species (McDowall, 2006; Jellyman et al., 2017; Jones & Closs, 2017), the creation 
of trout exclusion zones at stream headwaters is potentially an efficient option for the 
conservation of endangered non-migratory species, especially galaxiids (Lintermans, 2000). 
However, high straying form natal streams likely contributed to the rapid and effective spread 
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Appendix A. Physical characteristics of study sites of Taieri River tributaries. 
 
Physical characteristics* 
Cap Burn (261 m) Christmas Creek (156 m) Deep Stream (343 m) Kye Burn (755 m) 
pool riffle run pool riffle run pool riffle run pool riffle run 
Total area of meso-habitats, m2 426 751 217 57.5 308 155 80 939 3,119 1,057 1,998 3,064 
Percentage of major meso-habitats area % 30.6 53.9 15.6 11.1 59.2 29.7 1.9 22.7 75.4 17.3 32.6 50.1 
Meso-habitats length, m 
Mean 13.7 17.3 7.9 7.0 20.4 10.0 8.0 30.3 48.8 25.7 34.3 54.5 
SD 7.8 13.4 2.4 2.8 21.5 4.4  5.9 21.1 19.6 33.2 41.3 
Meso-habitats width, m 
Mean 5.4 4.1 3.6 3.8 3.1 3.4 10.0 10.0 10.8 7.1 7.6 9.1 
SD 3.4 2.2 1.5 1.8 2.2 1.8  2.6 6.5 2.0 3.6 3.2 
Depth average, cm 
Mean 48.0 9.1 15.6 55.0 13.4 27.5 150.0 23.3 47.0 96.8 14.1 30.0 
SD 39.5 1.9 5.5 7.1 4.2 8.7  5.8 20.5 38.0 8.4 23.5 
Mean water column velocity, m/s  
Mean 0.10 0.48 0.32 0.25 0.75 0.39 0.14 0.48 0.22 0.14 0.61 0.34 









Mean 10.0  5.0 30.0 15.0 13.3 20.0 20.0 20.0 30.0 25.0 10.0 
SD    28.3 7.1 5.8  14.1 7.1 14.1   
Boulders 
Mean 3.0 7.5 6.4 15.0 8.0 17.5 10.0 10.0 12.0 5.0 3.2 2.3 
SD 2.7 3.8 4.8 7.1 2.7 5.0  0.0 4.5  1.6 2.3 
Cobbles 
Mean 33.0 47.5 44.3 30.0 72.0 45.0 10.0 13.3 15.0 10.8 36.8 11.7 
SD 10.4 10.7 7.9 28.3 13.0 28.9  5.8 5.8 4.9 24.0 4.1 
Gravel 
Mean 42.0 35.0 37.1 12.5 11.6 25.0 10.0 65.0 38.0 36.7 40.6 46.3 
SD 8.4 9.3 4.9 3.5 2.3 17.3  15.0 17.5 10.3 19.0 29.2 
Sand and silt 
Mean 16.0 10.0 10.0 7.5 2.0 10.0 50.0 7.5 18.0 41.7 18.8 25.0 
SD 13.4 0.0 0.0 3.5    3.5 23.6 17.2 11.9 20.0 
Benthic substrate compactness 
(1 -weak, 4-tight) 
Mean 1.60 1.6 1.8 1.6 2.3 3.4 3.5 2.0 2.7 2.4 1.5 2.3 
SD 0.55 0.6 0.5 0.5 0.3 0.6 0.6  0.6 0.9 0.8 1.0 
Area of available cover, % Mean 13.4 6.1 4.9 21.0 14.0 22.1 70.0 22.0 25.6 14.0 5.1 6.4 
SD 10.3 2.4 1.8 8.5 16.7 8.6  15.1 8.6 6.9 3.9 4.9 
Area of the banks with undercut and 
overhanging vegetation, % 
Mean 29.0 10.0 17.1 10.0 34.0 37.5 50.0 36.7 82.0 17.5 1.3 15.1 
SD 35.8 14.1 21.6 0.0 23.0 29.9  20.8 29.5 6.9 2.3 14.0 
Area unshaded water surface, % 
Mean 78.0 86.3 85.7 50.0 68.0 62.5 50.0 80.0 66.0 77.5 97.5 91.7 
SD 14.8 23.1 15.9 0.0 17.9 18.9  10.0 19.5 27.9 4.6 8.2 
Water temperature at Jan (“pool” column), 
Feb (riffle) and Mar (run) oC 
Mean 14.1 15.8 14.6 13.2 15.3 12.9 12.7 15.9 13.1    
SD 2.4 2.3 3.2 2.0 2.3 1.7 2.4 2.1 1.7    
Note: * - the total length of stream study reach is in brackets after stream name. 
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Physical characteristics* 
Nenthorn Stream (370 m) Scrub Burn (258 m) Serpentine Creek (490 m) Sow Burn (346 m) 
pool riffle run pool riffle run pool riffle run pool riffle run 
Total area of meso-habitats, m2  468 257 1115 138 202 96 561 765 996 70.6 118 714 
Percentage of major meso-habitats area % 25.4 14.0 60.6 31.7 46.4 22.0 24.2 32.9 42.9 7.8 13.1 79.1 
Meso-habitats length, m 
Mean 52.0 16.7 40.2 8.1 10.3 10.3 21.3 19.4 26.4 9.5 11.1 32.9 
SD  11.0 28.8 4.8 7.6 8.4 17.4 11.8 13.2 3.4 10.4 28.8 
Average width, m 
Mean 9.0 2.0 4.9 1.7 1.3 2.0 6.4 3.9 4.9 1.8 1.9 2.4 
SD  0.7 2.3 0.6 0.6 0.7 2.3 0.5 2.0 0.6 1.5 1.1 
Depth average, cm 
Mean 60.0 12.7 36.0 27.2 8.6 14.3 97.5 14.5 41.9 37.5 12.7 22.1 
SD  7.7 22.2 13.5 3.5 5.4 28.7 10.4 25.8 5.0 9.1 12.9 
Mean water column velocity (m/s) 
Mean 0.06 0.51 0.20 0.06 0.53 0.22 0.17 0.63 0.30 0.06 0.44 0.09 









Mean  7.0 9.0 32.0 40.0  36.7 35.0 23.3 0.0 0.0 0.0 
SD    17.9 26.5  28.9 35.4 15.3    
Boulders 
Mean  14.0 20.0 33.3 19.3 16.3 41.0 17.2 11.4 0.0 0.0 0.0 
SD  17.7 26.0 15.1 10.0 16.0 55.2 16.9 8.4    
Cobbles 
Mean 40.0 34.3 32.4 23.8 30.8 37.5 13.3 46.1 34.0 0.0 0.0 0.0 
SD  22.1 25.3 11.9 11.9 15.0 5.4 21.8 19.5    
Gravel 
Mean 40.0 37.1 25.4 27.5 37.7 41.3 26.3 31.4 40.0 20.0 60.0 40.0 
SD  23.8 22.1 18.3 15.4 16.5 22.1 22.9 26.3 14.1 25.2 25.8 
Sand and silt 
Mean 10.0 11.1 15.3 20.0 13.8 20.0 20.0 15.6 14.4 80.0 40.0 60.0 
SD  6.6 12.0 12.7 5.2  10.0 8.1 12.1 14.1 25.2 25.8 
Benthic substrate compactness 
(1 –weak 4-tight) 
Mean 2.0 1.9 2.4 2.7 2.8 1.8 2.3 2.5 2.5 1.0 1.0 1.1 
SD  0.9 1.1 0.9 0.9 1.0 1.3 1.2 0.8 0.0 0.0 0.4 
Area of available cover, % 
Mean 18.0 28.4 15.2 15.2 9.3 12.8 5.0 9.0 5.8 15.0 2.9 2.9 
SD  27.1 14.3 30.8 16.9 22.9 6.1 11.9 3.1 30.0 7.6 7.6 
Area of the banks with undercut and 
overhanging vegetation, % 
Mean 110.0 61.4 60.0 3.3 2.1 0.0 62.5 61.0 76.3 57.5 22.9 44.3 
SD  40.6 36.7 7.1 3.2 0.0 33.0 32.6 39.5 26.3 20.6 23.0 
Area of unshaded water surface, % 
Mean 95.0 47.1 50.0 74.4 75.0 85.0 88.8 96.5 96.3 40.0 65.7 58.6 
SD  36.8 36.7 26.5 24.1 10.0 10.3 4.7 5.2 27.1 25.1 20.4 
Water temperature at Jan (“pool” 
column), Feb (riffle) and Mar (run) oC 
Mean 14.6 17.0 14.9 13.6 15.4 13.1 11.9 13.6 12.7 12.4 14.2 13.3 
SD 2.5 2.9 2.2 2.1 1.8 1.6 2.0 1.9 1.1 1.7 1.4 1.1 
Note: * - the total length of stream study reach is in brackets after stream name. 
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Physical characteristics* 
Styx Stream (219 m) Sutton Stream (198 m) Waipori River (374 m) 
pool riffle run pool riffle run pool riffle run 
Total area of meso-habitats, m2  10.4 601 247 476 214 124 1,323 755 2,552 
Percentage of major meso-habitats area % 1.2 70.0 28.8 58.5 26.3 15.2 28.6 16.3 55.1 
Meso-habitats length, m 
Mean 5.2 23.4 18.4 14.8 6.8 13.8 18.0 18.8 26.1 
SD  14.8 10.6 9.4 5.8 8.5 5.4 5.0 21.8 
Average width, m 
Mean 2.0 4.2 3.5 5.3 3.9 3.5 15.4 10.0 11.6 
SD  2.3 0.6 2.3 2.0 1.7 5.9 2.2 1.4 
Depth average, cm 
Mean 100.0 26.7 23.8 66.7 6.5 11.7 152.0 22.5 44.4 
SD  17.2 18.0 23.6 2.4 1.5 20.5 2.9 22.6 
Water column velocity (m/s) 
Mean 0.28 0.89 0.29 0.06 0.55 0.28 0.09 0.60 0.17 









Mean    52.0 50.6 35.0 10.0  15.0 
SD    31.9 41.9 21.2   7.1 
Boulders 
Mean 30.0 32.5 18.8 7.5 3.5 4.7 7.5 10.5 8.3 
SD  19.94 13.15 3.54 1.73 4.62 3.54 13.44 2.89 
Cobbles 
Mean 60.0 37.5 40.0 13.0 18.3 17.0 32.0 55.0 40.6 
SD  17.8 21.6 6.7 8.2 1.7 22.8 5.8 26.3 
Gravel 
Mean 10.0 28.3 31.3 17.5 35.5 25.0 22.0 38.8 38.8 
SD  13.3 15.5 10.8 18.3 5.0 16.4 8.5 29.1 
Sand and silt 
Mean  10.0 40.0 25.8 17.7 30.0 37.0 4.0 13.8 
SD    17.2 10.5 20.0 16.4  11.6 
Benthic substrate compactness 
(1 -weak 4-tight) 
Mean 3.0 2.8 2.5 1.8 2.4 1.3 3.0 3.5 3.8 
SD  0.8 1.3 0.8 1.3 0.6 0.0 0.6 0.5 
Area of available cover, % 
Mean 0.0 29.3 23.4 11.8 8.0 7.0 36.7 41.4 24.2 
SD  35.2 37.9 9.9 7.4 1.7 11.8 12.4 14.1 
Area of the banks with undercut and 
overhanging vegetation, % 
Mean 0.0 4.2 8.3 37.5 40.0 65.0 39.0 22.5 37.5 
SD  4.9 8.4 26.8 33.0 30.4 36.1 26.3 23.6 
Proportion of unshaded water surface, % 
Mean 10.0 39.2 60.0 74.2 70.5 88.3 67.0 70.0 64.0 
SD  34.4 36.5 24.2 28.3 7.6 17.9 10.0 15.2 
Water temperature at Jan (“pool” column), 
Feb (riffle) and Mar (run) oC 
Mean 11.4 13.2 11.5 12.3 14.6 13.4    
SD 2.3 2.6 2.0 2.8 3.0 2.3    
Notes: * - the total length of observed stream segment is in brackets after stream name 
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Site 1 “Puddle Alley” (910 m) Site 2 “Scout Camp” (699 m) Site 3 “Swampy Spur” (163 m) 
pool riffle run pool riffle run pool riffle run 
Average area of meso-habitats, m2 Mean ± SD 77.1±29.7 46.2±6.5 167.0±60.9 106.1±38.2 58.0±10.3 103.3±24.5 24.5±5.9 24.7±5.2 20.7±2.7 
Percentage of total area of major meso-habitats % 7.9 19.5 70.5 29.9 19.1 48.5 14.7 39.6 45.7 
Meso-habitats length, m 
Mean 13.6 11.1 25.5 21.7 14.4 17.3 6.5 9.0 6.4 
SD 10.1 5.7 31.0 12.2 10.2 16.3 2.3 4.2 2.5 
Average width, m 
Mean 4.8 4.2 5.1 7.4 5.0 5.8 3.5 2.6 3.2 
SD 2.6 2.1 1.8 3.4 3.7 2.2 2.1 0.9 0.6 
Depth average, cm 
Mean 68.0 19.0 31.4 102.9 17.8 28.8 56.7 13.6 25.9 
SD 40.1 8.7 13.7 24.3 10.9 9.9 15.3 2.0 6.6 
Mean water column velocity (m/s) 
Mean 0.19 0.75 0.27 0.04 0.65 0.24 0.13 0.70 0.28 









Mean  5.0  1.5  1.0 7.5 3.0 5.0 
SD    0.7   0.5   
Boulders 
Mean 10.0 18.9 14.4 27.1 28.2 24.4 18.3 12.5 11.4 
SD  14.3 12.8 17.0 26.3 16.5 18.9 5.3 5.5 
Cobbles 
Mean 24.0 48.8 43.8 15.0 36.5 29.2 30.0 45.0 39.1 
SD 16.7 26.5 24.3 8.4 20.7 17.5 20.0 14.1 15.6 
Gravel 
Mean 64.0 42.6 50.4 39.3 45.8 44.7 21.7 30.6 32.3 
SD 11.4 30.0 23.3 16.4 28.5 19.2 7.6 8.2 14.9 
Sand and silt 
Mean 16.7 6.00 9.0 15.0 6.7 10.9 25.0 9.3 16.8 
SD 11.6 2.2 2.8 6.5 2.9 3.0 15.0 6.1 8.5 
Bottom substrate compactness 
(1 -weak 4-tigth) 
Mean 2.5 2.7 2.7 1.7 3.4 3.2 2.7 3.3 3.1 
SD 0.6 0.9 0.7 0.8 0.9 0.8 1.2 0.7 0.5 
Area of available cover, % 
Mean 9.4 19.0 19.0 41.4 32.3 36.2 40.2 27.7 36.2 
SD 7.9 24.3 15.1 18.8 21.5 19.4 21.2 15.4 11.8 
Area of the banks with undercut and 
overhang vegetation, % 
Mean 72.0 35.0 44.1 36.4 30.4 45.8 43.3 27.5 19.6 
SD 41.5 31.1 31.0 14.4 32.3 38.0 32.2 24.8 12.9 
Area of unshaded water surface, % 
Mean 60.0 63.9 61.5 40.7 41.1 43.0 50.0 65.0 63.6 
SD 23.5 20.6 19.3 25.2 20.6 22.2 10.0 20.0 17.5 
Water temperature at Jan (“pool” column), Feb 
(riffle) and Mar (run) oC 
Mean 13.9 15.7 13.5 11.4 12.6 10.9 10.7 11.9 10.4 
SD 2.3 2.5 1.9 1.2 1.5 1.0 1.5 1.7 1.3 
Notes: * - the total length of observed stream segment is in brackets after stream name). 
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Appendix B. The differentiation of environmental characteristics along the Silverstream 
The sampled Silverstream sites 1, 2 and 3 differed from each other both in terms of the 
total area and proportions of major habitat types including pools, riffles and runs (Table B.1). 
Runs were the dominant macrohabitat along all three reaches, with the highest proportion 
along the most downstream reach (Site 1). The proportion of riffles was greatest along the most-
upstream headwater reach (Site 3), whereas pools represented almost a third of the 
macrohabitat along the middle reach (Site 2). The average area of macrohabitat types was 
smallest at Site 3 relative to the other two sites (ANOVA outputs for area F2,51 = 8.8, p = < 
.001; for length F2,51 = 7.1, p = .002; for width F2,51 = 7.3, p = .0017). 
Table B.1 The adjusted p-value for multiple comparisons using Tukey HSD test for comparison 
of basic mesohabitats characteristics within sampling sites 1 “Paddle Alley”, 2 “Scout Camp” 
and 3 “Swampy Spur”. 
 
Habitat characteristics Pools Riffles Runs 
 
 1-2 1-3 2-3 tr 1-2 1-3 2-3 tr 1-2 1-3 2-3 tr 
Area of meso-habitats, m2 0.97 0.65 0.51 * 0.81 0.77 0.51 * 0.60<0.01 0.02 * 
Meso-habitats length, m 0.91 0.34 0.18 * 0.57 0.19 0.05 * 0.93<0.01 <0.01 * 
Average width, m 0.99 0.96 0.92 * 0.72 0.18 0.07 * 0.56 0.01 <0.01 * 
Depth, cm 0.96 0.99 0.94 ** 0.69 0.44 0.86 * 0.72 0.38 0.78  
Water velocity (m/s) 0.08 0.97 0.33 ** 0.44 0.88 0.87 0.75 0.98 0.72 * 
Boulders, % 0.21 0.15 0.70 * 0.02 0.03 0.94 * <0.01<0.01 0.93 * 
Cobbles, % 0.67 0.82 0.42 * 0.63 0.83 0.44 * 0.07 0.80 0.42  
Gravel, % 0.35 0.02 0.11 ** 0.92 0.90 0.99 * 0.91 0.71 0.90 * 
Sand and silt, % 0.41 0.05 0.19 ** 0.99<0.01 <0.01 * 0.93<0.01 <0.01 * 
Area with cover, % 0.11 0.97 0.40 * 0.97 0.94 0.99 0.53 0.69 0.99 * 
Bank length with cover, % 0.03 0.37 0.85 ** 0.97 0.72 0.64 * 0.91 0.80 0.96 * 
Unshaded water surface, % 0.21 0.71 0.90 ** <0.01 0.99 0.03 <0.01 0.97 0.01 * 
 
Notes: values of p below confidence level (<0.05) are in bold; 1-2, comparison of site 1 and site 2; 1-3, comparison 
of site 1 and site 3; 2-3, comparison of site 2 and site 3; tr, type of data transformation: *, LN (x+1); **, (x+1)1/4 
 
The measured environmental factors differed among sites. The proportion of the 
boulders (ANOVA outputs for riffles F2,42 = 5.5, p = .008; for runs F2,51 = 16.1, p = < .001) 
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being greatest at Site 2. Gravel dominated pools along the Site 1, (F2,20 = 4.3, p = .03), 
whereas sand was the most abundant along the headwater reach (ANOVA outputs for riffles 
F2,42 = 10.3, p = < .001; for runs F2,51 = 6.7, p = .003). The distribution of the cover among 
observed stream sections were the lowest at Site 1 but the statistical analysis did not reveal 
significant differences. Tree canopy was the most developed at Site two where water surface 
shading was most developed at all types of habitats. However, only the among-site 
comparisons of riffles and runs showed significant differences (ANOVA outputs for riffles 
F2,42= 6.1, p = .001; for runs F2,51 = 5.8, p = .005) (Table B.1). 
Water temperatures varied across sites and throughout the year in Silverstream. The 
greatest variability and maximum temperatures occurred in summer at Site 1, with a 
maximum of 23.7oC on 27 Dec 2016. The smallest variations and the lowest temperature 
values were recorded in Site 2 “Scout Camp” where1.8oC was recorded in July 2017. Except 
for winter months, the coldest part of the Silverstream is in its headwaters, where Site 3 was 
located, and where the highest summer temperature recorded was 16.8oC. Note that the 3rd 
quartile did not exceed 12.9oC for the headwaters. Diel and monthly temperature variation 
was reduced in winter for all sites (Figure B.1). 
 
Figure B.1 Box-plots of monthly water temperature at three sampling locations in 
Silverstream including median, 1st quartile, 3rd quartile and outliers. 
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Appendix C1. Parental investment, the biological traits of adult migratory and resident 
brown trout, and Silverstream spawning capacity 
 
In total, 77 redds of brown trout were identified between the confluence with Taieri 
River and the weir (Appendix C2, C3). Only 1 redd was detected along first 5 km segment of 
the stream and only 3 redds along the most upstream 3 km reach were identified below the 
weir. In contrast, 22 redds were counted between 8-11 km from stream mouth (Table C1.1). 
In total, 71 alive and 28 dead adult trout were counted along Silverstream from the Taieri 
confluence to the weir at the time of spawning surveys. Most of the live fish were detected on 
the first two trips (11 and 14 June 2016) near redds and resting in pools. The redds were 
typically located in likely downwelling flow zones located at the downstream end of runs. Up 
to 5 brown trout carcasses were encountered on each survey. Fifteen dead fish were females 
and 11 males. Twelve dead females were dissected with 5 having full gonads (Figure C1.1). 
The males were also dissected but spawning condition could not be determined. A third of dead 
fish were in a fresh condition, without any obvious injuries and otherwise appeared healthy 
with recently consumed prey items in their stomachs. 
 
Figure C1.1 Adult brown trout females dead before spawning at the Silverstream. The total 
fecundity of two females (496 mm long, age 5+ and 435 mm long, age 4+) was estimated as 3,037 
and 2,459 eggs. 
The size of the females ranged between 333-527 mm (mean 457 ± 13.3 SE mm). The 
males were slightly bigger (368-647 mm and 459 ± 20.8 (SE) mm). No significant 
differentiation was apparent for two groups of fish gathered upstream and downstream site two 
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“Scout Camp” for both sexes (F1,25 = 0.39, p = .53) and separately for males (F1,10 = 0.68, p = 
.41) and females (F1,14 = 0.75, p = .38). 
The age was determined for all collected trout carcasses and varied between 3+ and 5+ 
years, with 4+ cohort dominance within females, and 3+ being the dominant year class in males. 
Six of 15 females were spawning at age 3+ and one fish was 5+. Only 3 spawning males were 
characterised by age 4+, the rest were 3+ years old. 
The average number of eggs deposited per redd by migratory fish was estimated at 1,768.2 
(±88.8 SE; lim 919-2,356). The highest density of eggs per stream area unit was evaluated for 
the section which includes site 1. At site 2 “Scout Camp” reproductive input was more than 
twofold lower (Table C1.1). 
Table C1.1 Density of brown trout redds and average of the number of deposited eggs (±SE) 
per stream area at different sections of the Silverstream. 
Stream section (distance from stream mouth) Redds/ha Thousands of eggs / ha 
1 (0-5 km) 0.5 0.8±0.04 
2 (6 - 7 km) 10.9 19.2±0.97 
3 (8 - 9 km) 14.8 26.2±1.31 
4 (10 - 11 km) 13.9 24.5±1.23 
5 (12 - 14 km) 8.2 14.5±0.73 
6 (15 – 17 km) 6.5 11.5±0.58 
7 (18 – 20 km) 4.9 8.7±0.43 
8 (21 – 23 km) 2.9 5.2±0.26 
9 (24 - 24.5 km)* 131.4** 15. 4±0.9 
 
*- habitats of stream resident brown trout; ** - spawning females per stream area unit. 
 
The biological traits of resident fish isolated above the weir in the upland reach of the 
Silverstream differed markedly from the migratory fish spawning downstream. By the final 
sampling, a total of 39 fish had been collected over one year of monitoring. Sixteen fish were 
YoY juveniles. Only two aged 1+ were identified, one being a mature male and the other an 
immature female. Six females and one male were estimated as 2+, all mature. Six from the 
sampled fish has 3+ age including two females and four males. The oldest individuals were 4+ 
years old (three females and three males). The average size of adult stream residents was equal 
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to 187.4 (±7.7 SE; lim 142-228) mm for females and 192.0 (±11.0 SE; lim 113.5-225) mm for 
males. No seasonal dynamics of adult fish size was revealed (ANOVA, F6.101 = 0.85, p = .53). 
The average of reconstructed fecundity of one mature female was equal to 164.7 (± 14.4 SE; 
lim 83-254) eggs. The average amount of eggs deposited by one female was estimated as 140.8 
(± 12.3 SE; lim 71-217) eggs. 
The number of adult resident fish inhabiting the monitored 470 m long stream section 
was low and slightly varying within the year. Adult trout abundance evaluated by one-pass 
versus three-pass regression method was the lowest (24 fish) at Aug, the highest (51 fish) at 
Jan, and the average for all sampling events was equal to 41 (± 14.4 SE) fish. The average 
recapture rate was equivalent to 42.1 (± 3.4 SE) % with the lowest (35%) value at Feb (next 
sampling after tagging at Jan) and the highest (53.8%) at Aug. In October the last sampling 
recapture value was equal to 45.4%. Fish abundance evaluated by Chapman estimator was close 
to regression method. The lowest number of adult stream residents was estimated at October 
(28 fish), the highest at March (50 fish) with an average of 40 (±4.3 SE) individuals. 
Parental investment of stream residents at Silverstream headwaters was close to that for 
migrants. At May, which is spawning time for New Zealand brown trout, the number of adult 
fish (calculated by regression method) was estimated as 35 individuals. Following a sex ratio 
1.4(♀):1(♂) of dissected specimens, 21 from these individuals were females. Assuming all 
females spawned, the density of eggs was estimated at 15,361 ± 919 SE (lim 7,782-23,866) eggs 
per ha of the headwater stream reach (Table C1.1). 
The total area of habitat suitable for trout spawning was estimated to 1,335 m2 at site 1 
(23.9% of total area of observed stream segment), 871 m2 at site 2 (20.4% of total area of 
observed stream segment) and 52.2 m2 at site 3 (10.4% of total area of observed stream 
segment). Extrapolating the data on redd density (Table C1.1) to the area of available habitat 
suitable for trout spawning, the number of redds (or spawning females) for site 1, 2 and 3 was 
estimated as 8, 3 and 7 correspondingly. An area available for one female spawn can be 
calculated as 172.1, 314.2 and 7.9 m2 respectively for sites 1, 2 and 3. 
 
Appendix C2. Locations and number of brown trout redds in the middle and lower part of the Silverstream from the confluence with Taieri 







Appendix C3. Locations and number of brown trout redds in the middle and upper reaches of 
the Silverstream from the Three Mile Hill Road bridge up to the dam estimated from 11 June to 










Appendix D1. Young-of-Year (YoY) brown trout nighttime habitat suitability index (HSI) 
value for water depth (cm) throughout summer 2016-2017 for Site 1 and Site 2.  




































Appendix D2. YoY brown trout nighttime habitat suitability index (HSI) value for water 
velocity (m/s) throughout summer 2016-2017 for Site 1 and Site 2. 
 



































Appendix D3. YoY brown trout nighttime habitat suitability index (HSI) value for 
substrate type (sand, gravel, cobbles, boulders) throughout summer 2016-2017 for Site 1 
and Site 2.  
 














































































Appendix D4. YoY brown trout nighttime habitat suitability index (HSI) for depth (cm), 
water velocity (m/s) and substrate type for five fish size classes from 25 to 75 mm. 
 



































Appendix D5. YoY brown trout nighttime habitat suitability index (HSI) for depth (cm), 
water velocity (m/s) and substrate type at four temperature regimes from 8.5 to 12.5oC. 
 












Appendix E1. Analysis of invertebrate data  
Drift and benthos 
To reconstruct the dry weight of sampled invertebrates, published taxa-specific “body 
length - dry mass” models were applied. For most of the aquatic invertebrates used in this study, 
the coefficients from the equations from a previous Silverstream study were used (Kristensen 
and Closs, 2008a). For terrestrial invertebrates and some aquatic taxa, I used the coefficients 
published by Benke (1999), Miserendino (2001), Sabo et al. (2002) and Gruner (2003). For 
ostracods (Ostracoda) and springtails (Collembola), the models developed by Kaeriyama and 
Ikeda (2002), and Petersen (1975) were used correspondingly. 
To evaluate the spatial and temporal dynamics of invertebrate drift, benthos density and 
biomass at Silverstream throughout the Austral summer, two-way ANOVAs were run in R 
version 3.4.3 (R Core Team, 2017). The sampling location and the month of sampling were 
chosen as categorical predictor variables and the values of invertebrate abundance and biomass 
(in total and for specific groups) were used as a response variable. An Eta-squared (Ƞ2) was 
computed for effect size estimation using the etasq function. The Tukey HSD test was applied 
for multiple comparison of data from three sites for each month. The data were checked for 
normality and LN or 4th root transformed if necessary. Homogeneity of variances were tested 
by Levene’s test. 
To determine differences in size structure of drifting invertebrates and compare size 
distributions of drifting invertebrates during the day and at night between sites, a one-way 
ANOVA using the aov function was applied. For differentiation of sampling sites by size of 
invertebrates, the sampling site was used as the predictor variable, while proportion of 
invertebrates in different size classes were used as the response variable. For the day-night 
comparison, the data from 6 sets of samples collected within 24 hours at Site 1 in February 
2017 were split in two groups. One group included three sets of samples collected during 
night-time. Another group included the samples collected during daytime. The “daytime” and 
“nighttime” category were chosen as the predictor. The proportion of invertebrates with a size 
of more than 4 mm to total abundance of invertebrates was chosen as the response variable. 
The data from each sample were used as a replicate; thus, for each day/night category, 12 
response variables were applied. Data were normalised by LN or 4th root transformation as 
necessary. Homogeneity of variances was tested using the Levene’s test. Pairwise Tukey HSD 





To analyse the spatiotemporal dynamics of the number of prey items consumed by YoY 
trout, a one-way ANOVA was applied. The number of prey items per individual fish collected at 
each sampling event was used as a replicate and as the response variable. Sampling site and 
month were used as categorical predictor variables. The data on prey numbers were normalised 
by 4th root transformation. The aov and etasq functions in R version 3.4.3 (R Core Team, 2017) 
were applied. Eta-squared (Ƞ2) values were computed for effect size estimation. Data were 
checked for normality prior to analysis. Homogeneity of variances was tested with the Levene’s 
test. 
To evaluate the importance of specific invertebrate groups in YoY trout diet, the 
frequency of occurrence and prey-specific abundances were calculated. Frequency of 
occurrence was estimated for each specific taxon (group), as the percentage of fish stomachs 
with selected prey items to the total number of observed fishes. For prey-specific abundance 
calculation, the data on numbers of invertebrates from all fish sampled at each of the sampling 
events were combined in a single data set. The prey-specific abundance for each taxon (group) 
was calculated as a percentage of the number of specific prey items to the total number of prey 
items in that data set. 
To estimate the spatiotemporal dynamics of fish gut content biodiversity and its 
associations with invertebrate drift biodiversity, the Shannon diversity index was used, and a 
one-way ANOVA was applied. The Shannon index was calculated for each individual trout and 
used as a replicate for every sampling event. Site and month of sampling were used as 
categorical predictor variables, and Shannon index of fish gut content as the response variable. 
The Shannon index was evaluated for each drift sample. One sample was used as a replicate for 
every sampling event. To test the response of biodiversity gut content on variability of food 
resources, the Shannon index of drifting invertebrates was used as a predictor variable. The aov 
function in R version 3.4.3 (R Core Team, 2017) was applied. Data were checked for normality 
prior to analysis, and homogeneity of variances was tested by Levene’s test. 
For the evaluation of the importance of major factors affecting the diversity of YoY trout 
prey items, linear regressions were calculated using the lm package in R. The following data 
were used as predictor variables: size of observed individual fish, water temperature at the 
time of fish sampling, and Shannon diversity index of invertebrate drift for each drift sample. I 
used the Shannon index of individual trout as a replicate and as a response variable. The data 
were checked for normality prior to the analysis. For testing the collinearity of the variables 
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used in linear regression analysis, the variance inflation factor (VIF) was applied using the vif 
package in R. The best fitted model was evaluated using the step function in R.  
To determine the spatial and temporal dynamics of size structure of YoY trout prey 
items, the body length of digested prey was reconstructed for further statistical analysis. For 
this reconstruction, I used equations developed from my data on the head width - body size 
relationship: Deleatidium sp. larva BL = 4.4562 HW - 0.5523 (R2=0.95); Chironomidae larva 
BL = 9.1771 HW + 1.1123 (R2=0.63); Austrosimulium sp. larva BL = 8.0428 BW + 0.0556 
(R2=0.74); where BL – body length (mm), HW – head width. Then I ran two-tailed t-tests for 
two samples with unequal variances to determine the difference between size of the prey 
items between sampling locations for each of the month. A one-way ANOVA was applied for 
the evaluation of seasonal dynamics of prey size. In this ANOVA, month was used as the 
predictor variable and size of individual prey as the response variable. Data were 4th root 
transformed to improve normality. The aov function in R version 3.4.3 (R Core Team, 2017) 
was applied. Homogeneity of variances was tested by Levene’s test. 
To assess the selectivity of YoY trout feeding on specific prey types, Chesson’s α index 






where ri is the proportion of prey item i in YoY trout diet, ei is the proportion of the prey in the 
drift, rj (ej) is the proportion of prey belonging to each category in the diet (environment), and 
k is the number of observed prey categories. For each specific prey types, αi can vary between 
0 and 1, which corresponds to non-selective and exclusive feeding, respectively. The neutral 
selectivity level is indicated as k-1 and positive and negative selection corresponds to values 
higher and lower to k-1. For instance, the neutral selectivity level for dataset with nine prey 
types will be equal to 1/k=0.11. The Chesson’s α was calculated for individual fish collected et 
each sampling event. The Chesson’s α for individual fish was used as a replicate for further 
statistical analysis. 
For the determination of the factors driving YoY trout feeding priorities, the Chesson’s α 
was used as the response variable in a one-way ANOVA with proportion of prey items in the 
drift, fish size and month of the sampling as predictor variables. To evaluate the most important 
factors affecting selective feeding of fish on specific invertebrate prey taxa, I chose Chesson’s 
α calculated for Deleatidium sp. larvae as the most important prey item. The proportion of 
Deleatidium sp. in the drift, individual fish size and month of the sampling were used as 
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predictor variables. The data on Chesson’s α calculated as a measure of selective feeding of 
individual YoY trout on Deleatidium sp. were used as the response variable. To determine 
spatiotemporal dynamics of selective feeding of fish on specific size of prey, the Chesson’s α 
was calculated for each of the size classes of invertebrates. Site and sampling month were used 
as predictors, and Chesson’s α for size classes of prey were used as response variable. For both 
analyses, the aov function in R version 3.4.3 (R Core Team, 2017) was applied. Data were 
checked for normality and normalised by 4throot transformation prior to analysis. Homogeneity 
of variances was tested with the Levene’s test. 
To evaluate the proportion of the drift preferable for YoY trout feeding, the difference in 
the size structure of prey items and invertebrate drift was used. Only data on drifting 
invertebrates used by trout as a prey were included in this analysis. Estimates were calculated 
for every month and sampling location. The combined data from analyzed fish guts collected 
at each sampling event was used. The calculations were undertaken for each size class of 
invertebrates. The evaluation of the amount of drift not used by fish as a food was calculated 
as the difference of the proportion of size-specific preys in YoY trout diet and invertebrate drift. 
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Appendix E2. Results of analysis of invertebrate data  
Seasonal dynamics of invertebrate drift and benthos in Silverstream 
Invertebrate drift varied across study sites, with the highest values for both drift density 
and biomass of drifting invertebrates occurring in the middle of the Austral summer (Figure 
E2.1, Figure E2.2; Table E2.1). Both site and month of sampling were significantly associated 
with density (ANOVA outputs for site F2,54=13.3, p=<0.001; for month F10,54=14.1, p=<0.001) 
and biomass (ANOVA outputs for site F2,54=8.9, p=<0.001; for month F10,54=4.5, p=<0.001). 
In spring, only sites 1 and 2 were sampled. No significant differences in both density and 
biomass of the drifting invertebrates across these two sites were established in October and 
November. The same result was observed for the December samples, when the data collected 
at Site 3 significantly differed from data collected at sites 1 and 2. Both density and biomass of 
drifting invertebrates were significantly lower at Site 3. In January, drift density and biomass 
reached their peak values at Site 2, but only density differed significantly among study sites. 
Unexpectedly, invertebrate drift density and biomass were both lowest at Site 2 in February, 
when a significant difference in drift biomass was detected between this site and Site 1. In 
March, invertebrate drift density and biomass were again highest at Site 2, as indicated by 
significant differences from both Site 1 and 3. In April, no statistically significant differences 
were detected, but drift density tended to be highest at Site 1. 
 
Figure E2.1. Invertebrate drift density (individuals/m3) at the Silverstream sites 1 (white box), 
2 (dark grey box) and 3 (light grey box) from Austral spring to autumn 2016-2017. Data are 
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Figure E2.2. Dry weight (mg/m3) of drifting invertebrates at sites 1 (white box), 2 (dark grey 
box) and 3 (light grey box) from Austral spring to autumn 2016-2017. Data are presented in 
box and whisker plots showing mean values with standard error bars and data limits.  
Table E2.1. Adjusted p-values of Tukey HSD tests used for multiple comparisons of density 
and biomass of invertebrates from drift and benthos within sites 1, 2 and 3 from Austral spring 
to autumn 2016-2017. 
 Oct Nov Dec Jan Feb Mar Apr 
 1-2 1-2 1-2 1-3 2-3 1-2 1-3 2-3 1-2 1-3 2-3 1-2 1-3 2-3 1-2 1-3 2-3 
Drift 
density 
0.92 0.78 0.93 0.05 0.07 0.01 0.98 0.01 0.65 0.99 0.60 0.02 0.99 0.02 0.10 0.15 0.95 
Drift 
biomass 
0.06 0.75 0.34 0.01 <0.01 0.47 0.97 0.35 0.01 0.13 0.25 0.05 0.98 0.04 0.38 0.93 0.57 
Benthos 
density 
0.05 0.76 0.37 0.06 0.38 0.02 <0.01 0.26 0.44 0.03 0.15 <0.01 <0.01 0.49 0.35 0.45 0.07 
Benthos 
biomass 
0.05 0.24 0.68 0.05 0.02 0.02 <0.01 0.05 0.71 0.10 0.27 0.10 0.09 0.99 0.99 0.76 0.81 
Note: p-values < 0.05 are in bold; 1-2, comparison between Site 1 and Site 2; 1-3, comparison between Site 1 
and Site 3; 2-3, comparison between Site 2 and Site 3. 
 
In contrast to the drift data, ANOVAs did not reveal any seasonal changes of density and 
biomass of invertebrates inhabiting bottom substrata (Table E2.1; Figure E2.3, Figure E2.4). 
Only sampling location had a significant effect on density (F1,51=70.8, p=<0.001) and biomass 
(F1,51=33.8, p=<0.001) of the benthos. The highest benthic community abundance was 
typically found at Site 1, which was characterized by the highest benthos abundance and 
biomass in October, December, January and March. Site 3 generally showed the lowest density 





Figure E2.3. Abundance of benthic invertebrates at study sites 1 (white box), 2 (dark grey box) 
and 3 (light grey box) from Austral spring to autumn 2016-2017. Data are presented in box and 
whisker plots showing mean values with standard error bars and data limits. 
 
 
Figure E2.4. Biomass of benthic invertebrates at study sites 1 (white box), 2 (dark grey box) 
and 3 (light grey box) from Austral spring to autumn 2016-2017. Data are presented in box and 
whisker plots showing mean values with standard error bars and data limits. 
 
 
Table E2.2. Mean percentage (±SE, %) of invertebrate taxa in drift samples at study sites from October to April. Data are presented only for taxa that contributed >1% 
of the total density (individuals/m3) presented. 
Group Taxan 
Site 1  Site 2  Site 3  
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1.6 (1.0)  5.8 (1.8) 4.2(1.5)  








      
 1.7(1.7) 2.2 (0.5)  
 
 5.2(1.3)  
  
Tipulidae imago           1.2(0.7)     2.3(0.9)    
Coleoptera 
Elmidae larvae   2.0(0.1)  1.2(0.9)          1.1(0.5)     
Hydraenidae imago         1.6(0.8)   1.5(0.8)   1.8(0.4) 1.2(0.3) 2.3(0.3) 2.2(0.9) 2.0(1.0) 
Oligochaeta  1.8(1.3) 1.5(0.6) 7.3(5.2)   10.2(6.9)  2.9(1.1) 3.3(1.4) 6.6(3.0) 1.1(0.8) 3.1(0.6) 1.7(1.0) 1.9(0.6) 8.2(5.5)  2.9(1.0) 3.1(1.6) 1.5(1.0) 
Gastropoda   5.7 (2.4) 2.5 (0.8) 
 
 3.8 (1.2) 5.4(1.9) 





2.6(1.0) 8.2 (2.7) 3.1 (1) 
Ostracoda  
 
2.6 (1.8)  3.1 (3.0)  2.1 (1.2) 2.3(0.8) 
     
 
      
Acari  
       
1.5(0.2) 2.3(0.7) 1.8(0.5) 1.0(0.8) 3.5 (1.2) 6.1(0.7) 3.4(1.8) 2.3(0.8) 1.6(0.7) 
  
1.0(0.5) 













































The invertebrate drift community generally consisted of the larval and imaginal stages 
of amphibiotic insects and adults of terrestrial arthropods, plus benthic invertebrates such as 
oligochaetes, gastropods and ostracods. These invertebrate taxa comprised 82 to 95% of the 
total drift abundance across three sites throughout the sampling period, with means of 87.4% 
(±1.8 SE) for Site 1, 91.1% (±1.6 SE) for Site 2 and 87.4% (±1.2 SE) for Site 3 (Table E2.2). 
Only four of 80 different groups of identified animals were commonly found in the drift 
samples across all three study sites, namely: the larval stages of Deleatidium sp. 
(Ephemeroptera: Leptophlebiidae), Austrosimulium sp. (Diptera: Simuliidae) and various 
representatives of the Chironomidae family (Diptera), plus adult terrestrial arthropods (Table 
E2.2). These four taxa were the most dominant at Site 1 in spring, representing up to 89% of 
the total drift abundance. Prevalence of these four groups decreased further upstream and as the 
seasons progressed. At Site 3, the proportion of these taxa was 56% of the total drift abundance 
in December and dropped to 32% in the subsequent months. Thus, the input of specific 
invertebrate taxa in total drift concentration differed across sites and seasons. 
Deleatidium sp. was the most abundant individual invertebrate taxon identified in the 
drift but its proportion to total abundance was significantly different between sites (F1,55=4.2, 
p=0.050). This mayfly larva represented 30.4% (±5.0 SE; lim 15.1-54.0%) of the total 
invertebrate drift density at Site 1, 11.2% (±5.0 SE; lim 4.5-16.2%) at Site 2, and 17.8% (±2.0 
SE; lim 10.6-21.3%) at Site 3. No statistically significant (F10,55=2.2, p=0.159) change in 
Deleatidium sp. abundance was found between seasons. 
The contribution of terrestrial invertebrates differed among sites (F1,46=4.7, p=0.045) but 
not across seasons (F1,55=2.1, p=0.158). In contrast to Deleatidium sp., the lowest proportion 
of terrestrial invertebrates typically occurred at Site 1 (8.1% ±3.5 SE; lim 1.5-27.7%). At sites 
2 and 3, this proportion was equal to 23.3% (±4.2 SE; lim 10.4-40.9%) and 20.0% (±3.5 SE; 
lim 11.4-31.3%), respectively. 
Austrosimulium sp. larval drift differed across seasons (F1,55=5.8, p=0.019) but not 
among sampling locations (F1,55=1.7, p=0.192). Mean prevalence of this taxon was higher at 
Site 1 (12.7% ±7.3 SE; lim 1.5-47.7%) and Site 2 (16.2% ±5.2 SE; lim 2.1-43.2%) than at Site 
3 (3.3% ±0.9 SE; lim 0.8-5.7%). For all three sites, peak abundance of Austrosimulium sp. 
occurred during summer, but this pattern shifted by two months in an upstream direction: from 
December at the lowland Site 1 to February at Site 3 in the headwaters. 
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The proportion of Chironomidae larvae in the drift had negative upstream and seasonal 
dynamics, confirmed by ANOVA outputs for both site (F1,55=8.63, p=0.005) and sampling 
month (F1,55=5.9, p=<0.001). At Site 1, this taxon contributed up to 61.4% of drift concentration 
in October but dropped to 0.6% by April, with an average seasonal input equal to 16.9% (±7.9 
SE). At the other two sites, chironomid proportions fluctuated less seasonally, with average 
values of 12.6% (±4.2 SE; lim 1.2-27.9%) for Site 2 and 14.1% (±2.0 SE; lim 7.9-20.0%) for 
Site 3. 
Other groups of invertebrate animals contributed a significant proportion of drift 
sporadically, especially at the time of emergence of imaginal forms of aquatic insects. For 
instance, the caddisfly and chironomid imago input reached up to 13.1% and 12.2% of drift 
density, respectively, at Site 1 in January and at Site 2 in October. The rest of the groups 
contributed less than 10% of the total density, with the exception of Conoesucidae larvae 
(Trichoptera) at stream headwaters where their mean abundance was equal to 14.1% (±2.0 SE; 
lim 7.9-20.0%). 
The size structure of drifting invertebrates varied across the study sites. The average 
size of 7447 invertebrates collected at Site 1 across all sampling dates in 2016-2017 was 3.65 
mm (±0.01 SE; lim 0.5-20). At Site 2, in total 5768 drifting organisms were collected and 
measured, and the average size of animals was 2.86 mm (±0.01 SE; lim 0.5-17). Similar 
results (2.87 mm ±0.02 SE; lim 0.5-20) were established for the 3992 drifting invertebrates 
sampled from December until April at Site 3. Most of the animals sampled had lengths 
between 1 mm and 6 mm. Invertebrate drift at Site 1 was characterized by a higher proportion 
of larger invertebrate forms in comparison to upstream sites. There were no significant 
differences between sites 2 and 3 in the size structure of invertebrate drift (Table E2.3). The 
data on the size of individual taxa or groups of taxa for each of the sampling locations and 




Table E2.3. Size structure of the drifting invertebrates collected from Austral spring to autumn 
2016-2017 at sites 1, 2 and 3, represented as a percentage of the number of measured 
individuals for the most abundant size classes (mm), with ANOVA outputs with adjusted p- 























0-1 3.09 5.2 9.24 2,16 4.03 0.038 0.809 0.036 0.105 
1-2 19.09 31.2 26.18 2,16 6.33 0.009 0.007 0.186 0.369 
2-3 25.06 27.92 22.28 2,16 3.56 0.052 0.204 0.620 0.051 
3-4 17.78 16.1 15.84 2,16 0.12 0.888 0.977 0.877 0.951 
4-5 12.99 8.57 10.52 2,16 4.55 0.027 0.022 0.265 0.516 
5-6 10.03 5.8 7.4 2,16 5.17 0.018 0.014 0.208 0.504 
6-7 5.89 2.76 3.99 2,16 5.20 0.018 0.013 0.285 0.378 
7-8 3.2 1.41 2.85 2,16 2.57 0.108 0.132 0.996 0.203 
8-9 0.79 0.18 0.2 2,16 8.07 0.004 0.009 0.009 0.954 
9-10 0.46 0.19 0.31 2,16 0.16 0.852 0.998 0.860 0.879 
Notes: values of p below confidence level are in bold; df, degrees of freedom; 1-2, comparison of Site 1 and Site 2; 




Table E2.4. Average (± SE) and limits (dashed numbers) of the size (in mm) of drifting invertebrates at study sites from October 2016 to April 2017. 
Data are presented only for taxa that contributed >1 of the total abundance and biomass. 
Group Taxan 
Site 1  Site 2  Site 3  





























































8-15    
Nesameletus sp. 
larave 
  17.5 (0.1)  
17-18 
    
       
28 
     
Plecoptera Zelandoperla 
sp. larvae   
    3.7 (0.3) 




















































































   2.2(0.1) 
1-4 
  2.3(0.6) 
1-3 
2.6(0.3) 













  2.7(0.5) 
1-5 
 4.1(0.4) 





















 13.2 (1.5) 
8-17 
    7.7(0.3) 



































1-6   
Paradixa sp. 
larvae 
     5.2(0.4) 
3-8 
 
































































































































3-4   
Ephydridae 
imago 
       




2-3    
2.3(0.1) 
1-5    
Diptera pupae   2.5(0.1) 2-
4 
                
Tipulidae 
imago 



















       1.5(0.5) 
1-2 
1.5(0.4) 













Hemiptera Sigara sp. 5.3(0.2)5-7  6.1(0.2)   6.0(0.5)6-7  6.5(0.5)             
Oligochaeta  14.8(0.6)1-20 13.8 (0.8) 1-20  3.0(1.1) 1-14  2.0(0.2)1-7      1.6(1.5) 1.3(0.3) 1.6(0.6) 2.9(1) 3.1(0.3)1-8  1.6 (0.5)1-4 2.2(1.5) 3.7(1.2) 
Gastropoda   1.2(0.1)1-5 2.5(0.5)     1.8(0.3)  1.5(0.1)    1.7(0.1)1-4  1.7(0.3)1-4  0.7(0.4) 0.7(0.3) 0.7(0.2) 
Ostracoda   1.5(0.1)1-3  1.5 (0.2) 1-3  1.2(0.1) 1.4(0.1)             













































The percentages of different taxa and groups contributing to the total biomass of drifting 
invertebrates varied and differed from those contributing to density. The imaginal stage of 
amphibiotic insects contributed up to 41% of total biomass of the drift. At Site 1, the dominant 
groups comprising up to 75% of total biomass included terrestrial arthropods, Deleatidium sp. 
larvae, Austrosimulium sp. larvae, adult caddisflies and, in rare occasions, emerging imagos of 
Empididae (Diptera) and mayflies. The dominant groups contributing to the majority of drift 
biomass at sites 2 and 3 included chironomid larvae, terrestrial arthropods, Deleatidium sp. 
larvae, caddisfly imagos and Conoesucidae (Trichoptera) larvae. The seasonal changes of the 
proportion of the biomass of different groups across the studied sites are presented in Table 
E2.5. 
The composition of invertebrate community inhabiting the streambed substrata differed 
from the composition of animals drifting in the water column. The number of dominant taxa 
(comprising 75% of benthos density) increased upstream. At Site 1, the dominant benthic forms 
were Deleatidium sp larvae, Conoesucidae larvae, gastropods and ostracods. These groups, with 
the addition of Austrosimulium sp. and chironomid larvae, were the most common invertebrates 
found at sites 2 and 3. The data on the spatial and temporal dynamics of the contributions of 


































Table E2.5. Mean percentage (± SE, %) contributions to the total biomass of drifting invertebrates at the three study sites from Austral spring to autumn 2016 – 2017. 
Only data on taxa which contributed >1% of the total dry weight (mg of dry weight per m3) are presented. 
 
Group Taxan 
Site 1  Site 2  Site 3  










































Nesameletus sp. larvae  
 
7.1 (2.1) 
   
        2.0(2.0)     
Coloburiscus larvae             1.1(0.7)      2.2(1.6) 
Ameletopsis larvae          2.9(2.7)    1.1(1.1)      




5.5(0.6)  2.0(1.5)  1.2(1.0) 1.3(1.0)   2.0(2.0)  2.4(1.4)    
Plecoptera Zelandoperla sp. larvae               2.3(0.2)     
Trichoptera 












































































   
7.1  















Leptoceridae larvae  7.4(2.7) 
    
























(0.8)     



















(0.1)   
19.3 

























































(0.5)   
Diptera pupae  
 
7.3 (7.0) 
   
             






   2.3(2.0) 3.1(2.9) 2.8(1.4)    1.1(1.1) 1.7(0.7)   
Ephydridae imago            1.3(1.3)    1.1(0.3)    
Tipulidae imago  
    
1.5 (1.2)  1.3(0.9)  6.1(2.0) 3.5(2.6) 4.6(1.4)  1.4(0.7)  5.1(3.3) 1.2(0.6)   
Culicidae imago         1.0(0.9)   3.6(3.6)      3.0(2.1) 1.3(1.3) 
Megaloptera Archichauliodes larvae 
larvae 
          1.1 (1.1)         
Coleoptera 
Elmidae larvae                    
Elmidae imago     1.5(0.3) 2.5(2.1)            1.1(1.1)  
Hydraenidae imago            2.3(0.2)  3.3(1.7) 1.8(0.4) 1.6(0.1) 2.6(0.3) 3.1(1.2) 3.5(2.6) 
Dytiscidae imago     1.2(1.0) 1.2(1.0)          2.3(2.3)    
Staphylinidae imago          2.3(1.7)   2.0(0.8)      2.5(0.4) 




2.7(2.5)             
Oligochaeta  2.9(2.8) 
     
        8.2(5.5)     
Gastropoda   5.0 (3.7) 3.3(2.1) 
  
2.8(0.8) 3.9(0.6)     2.7(2.7)      1.1(0.3)  
Acari                2.3(0.8)     
Lamprey larvae        3.1(2.5)             
Terrestrial 
arthropods 








































Table E2.6. Mean percentage contributions to the total density of invertebrates per Surber sampler (± SE, %) at the three study sites from Austral spring to 




Site 1  Site 2  Site 3  










































Nesameletus sp. larvae               1.2(0.2) 2.3(1.7)   1.4(1.0) 
Plecoptera 
Zelandoperla sp. larvae 




















Austroperlidae larvae         1.2 
(0.5) 











Hydropsychidae larvae    2.0(1.0)   2.0(1.2
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Oxyethira sp. larvae                    























































(1.0)         
Chironomidae 
larvae 
























       
     
1.0 
(0.5)       



















(0.5)   
Ephydridae imago            1.9(0.9) 2.5(2.3)       
Tipulidae larvae                   1.2(1.2) 















































































































































































Diurnal dynamics of invertebrate drift at Site 1 
There was a peak in both invertebrate density and biomass stream drift after sunset 
(Figure E2.5). Between 10:00 PM and 12:00 AM, 45.3% (±4.6 SE; lim 38.3-51.1) of the daily 
drift density was collected at the monitored riffle sections. This proportion was equal to 
69.2% (±6.6 SE; lim 55.7-87.0) of the measured dry weight of invertebrate drift. The higher 
proportion of the crepuscular peak values for drift biomass were related to a greater number of 
larger-sized invertebrates in the drift after sunset (Figure E2.6). The corresponding ANOVA 
confirmed a significant difference in the percentage of invertebrates larger than 4 mm 
(F1,22=34.8, p=<0.001) between samples collected at nighttime and daytime. 
 
Time (24 h format) Time (24 h format) 
Figure E2.5 The diurnal dynamics of density (a) and biomass (b) of invertebrate drift at Site 1 







Size class, mm Time (24 h format) 
 
Figure E2.6 The circadian dynamics of invertebrate drift size structure in Feb 2017 at Site 1 
(a). The percentage of individuals with body size >4 mm across 24 hours in Feb 2017 at Site 1 






















YoY brown trout stomach content and dynamics of the selectivity of feeding across 
Silverstream from Austral spring to autumn 2016-2017 
The number of prey items consumed by individual YoY trout varied across the season at 
sites 1 and 2. The corresponding ANOVA did not determine any significant differences in 
prey number per individual fish among sampling sites, but the result was close to significant 
(F1,196=3.7, p=0.051). The sampling month was significantly associated with ingested prey 
abundance. The corresponding ANOVA (F1,196=22.6, <p=0.001) confirmed that ingested prey 
abundance increased from spring to autumn. The lowest average number of ingested prey items 
per fish occurred in October at Site 1 and was 3.8 (±0.5 SE; lim 1-9) invertebrate individuals. 
The highest abundance of prey items was determined for February at Site 2, where a mean of 
33.1 (±4.3 SE; lim 9-88) prey items per fish were identified (Table E2.7). 
The diversity of YoY trout stomach content differed across sampling locations and 
season. Site (F1,196=13.7, <p=0.001) and sampling month (F1,191=16.3, <p=0.001) were 
significant predictors for the Shannon index confirming spatial and seasonal dynamics of prey 
items diversity (Figure E2.7). Diversity of YoY trout invertebrate food prey constantly 
increased across the sampling period at Site 1. At Site 2, composition of YoY trout 
invertebrate food prey fluctuated across the sampling period. At Site 2, the dynamics of the 
Shannon index had a generally positive trend. The lowest values were typically in October-
December followed by a sharp increase in January. 
 
Month of the sampling Month of the sampling 
 
Figure E2.7 The seasonal change of Shannon diversity index of invertebrate drift (line chart) 
and YoY tout prey (box and whisker) at Site 1 (a) and Site 2 (b). The data presented in line 
chart based on an average value. The data presented in box and whisker plot including median, 











Table E2.7 Frequency of occurrence (%), prey-specific abundance (%) of invertebrate taxa, number of observed fish guts and ingested prey 
items from YoY trout diet at sites 1 and 2 from Austral spring to autumn 2016 – 2017. 
Group Taxan 
Site 1  Site 2  
Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr 
Ephemero 
ptera 
Deleatidium sp. larvae 92.9 66.3 86.7 48.2 93.3 70.2 93.3 61.9 100 58.1 100 66.0 93.3 21.5 86.7 26.4 86.7 19.8 86.7 16.7 83.3 10.9 73.3 22.9 86.7 15.4 63.6 23.5 
Ameletopsis sp. larvae 
              
6.7 0.7 






      
6.7 0.3 





40.1 9.4 83.3 17.8 80.1 14.2 66.7 7.6 
      
8.3 0.7 13.3 0.4 13.3 0.9 
  
Plecoptera 
Zelandoperla sp. larvae 
                    
16.7 0.7 
    
27.3 3.7 
Eustheniidae larvae 
      
6.7 0.3 
            
8.3 0.3 6.7 0.2   
  
Austroperlidae larvae 
      
6.7 0.2 
                    
Notonemouridae larvae 
                      
6.7 0.2 
    
Trichoptera 
Hydropsychidae larvae 
    
13.3 0.8 46.7 4.6 33.3 3.2 53.3 4.6 33.3 4.8 
      





6.7 1.0 40.1 8.2 53.3 5.8 50.1 5.8 73.3 6.3 53.3 7.0 
    
13.3 1.2 58.3 4.0 73.3 13.7 46.7 6.0 54.5 22.2 
Oxyethira sp. 
      
13.3 1.8 
    
20.1 2.6 
      






    
26.7 3.5 6.7 0.7 6.7 0.4 6.7 0.6 8.3 0.3 6.7 0.2 33.3 4.7 18.2 11.1 
Polycentropodidae larvae 
                      
13.3 1.0 13.3 1.3 9.1 2.5 
Leptoceridae larvae 




        
8.3 0.5 53.3 4.4 26.7 1.1 
      
41.7 3.3 26.7 1.0 6.7 0.4 9.1 1.2 
Diptera 
Austrosimulium sp. larvae 14.3 6.7 26.7 11.2 46.7 15.8 40.1 5.7 
      
13.3 2.1 73.3 16.9 60.1 51.2 83.3 30.1 33.3 6.0 26.7 3.8 
  
Paradixa sp. larvae 
        
8.3 1.2 
          
8.3 0.7 20.1 3.4 26.7 1.7 
  
Chironomidae larvae 21.4 7.7 20.1 8.5 13.3 3.4 26.7 3.1 
    
  53.3 66.4 93.3 58.5 66.7 27.4 91.7 21.8 86.7 30.2 60.1 17.5 54.5 17.3 
Chironomidae pupae 
      
6.7 2.2 
      
6.7 0.7 26.7 2.0 
  
33.3 2.6 33.3 2.6 13.3 0.9 
  
Chironomidae imago 





33.3 3.0 53.3 2.4 60.1 17.9 
  
Ceratopogonidae larvae 
                
13.3 0.8 




                      
6.7 0.2 
    
Ephydridae imago 




        
6.7 0.4 
    
Tipulidae larvae 
              
13.3 1.4 6.7 0.4 6.7 0.6 25.0 1.3 6.7 0.2 
    
Tipulidae imago 
        
8.3 0.3 
    
6.7 0.7 





Megaloptera Archichauliodes larvae  
                    
8.3 0.3 




        
8.3 1.2 
                  
Staphylinidae larvae 




                    
8.3 1.0 
      
Crustacea Paracalliope sp. 35.7 18.1 20.1 5.4 6.7 1.7 26.7 3.6 66.7 10.9 26.7 3.4 86.7 22.9 
              
Gastropoda  
          
6.7 
         




            
13.3 3.8 
      
8.3 1.0 20.1 4.2 
    
Acari 
                     
8.3 0.3 6.7 0.2 
    
Araneae Dolomedes aquaticus 
                      
6.7 0.4 
    
Terrestrial arthropods 7.1 1.2 
    
6.7 0.7 8.3 0.6 13.3 0.6 60.1 25.0 6.7 1.4 6.7 0.8 
  
41.7 18.8 40.1 6.6 60.1 24.4 45.5 17.3 
2 mm size stone 
                  
6.7 1.2 
        
Vegetation fibres and particles 
                      
13.3 0.4 
    
Total number of observed fish individuals 14 15 15 15 12 15 15 15 15 15 12 15 15 11 
Total number of observed prey items 54 79 128 250 173 330 436 140 248 168 303 497 234 81 
































The Shannon diversity index of prey consumed by YoY trout was not associated with 
Shannon diversity of invertebrate drift but was significantly related to the size of the fish 
and to water temperature (Figure E2.8). The linear regression model outputs for both Site 1 
and Site 2 confirmed significant positive relationships with fish size (Site 1: F2,98=12.9, t= 
4.88, p=<.001, R2= 0.19; Site 2: F2,94=31.1, t= 6.17, p=<.001, R2= 0.36). Water temperature 
at the time of fish sampling was significantly positively associated with prey diversity at 
Site 2 (F2,94=31.1, t= 2.45, p=.02, R




Fig. E2.8. Relationships of Shannon diversity index of YoY tout preys with fish size, water 
temperature and invertebrate drift diversity at Site 1 (a) and Site 2 (b) at 2016-2017 rearing 
season. Regression lines are presented only where significant relationships were 
determined. 
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At both sampling locations, the dominant prey items were also the most common 
groups of drifting invertebrates: i.e., larval and imaginal forms of amphibiotic insects and 
terrestrial arthropods. Thus, Deleatidium sp., Austrosimulium sp., Chironomidae, 
Hydrobiosidae, Hydropsychidae larvae and mayfly imago comprised up to 100% of YoY’s 
diet in Site 1 across the sampling period. In addition to the aforementioned taxa, the 
crustacean Paracalliope sp. (Amphipoda) was another common prey at Site 1. The 
importance of Paracalliope sp. (frequency of occurrence 6.7-86.7%; prey-specific 
abundance 1.7-22.9%) is in contrast to the extremely low abundance of this crustacean in 
the stream environment. It comprised only up to 1.4% of density and 0.3% of biomass of 
invertebrate drift and up to 0.6% of density and 0.1% of biomass of the benthos. 
Deleatidium sp., Austrosimulium sp., and Chironomidae larvae contributed up to 95% of 
the total number of YoY trout prey at Site 2 from October till December. From January 
onwards, the occurrence of these groups of prey decreased rapidly, whereas cased and non-
cased caddisfly larvae, imago of aquatic insects and terrestrial arthropods increased in the 
fish diet. The data on the seasonal dynamics of frequency of occurrence and abundance of 
specific invertebrate taxa and groups from YoY trout stomach at sites 1 and 2 are presented 
in Table E2.7. 
The Chesson’s α index, showing selectivity of YoY trout diet, demonstrated a spatial 
and temporal preferential differentiation of specific prey items. Juvenile trout inhabiting 
Site 1 were mostly targeting stream crustacean Paracalliope sp. The Chesson’s α for this 
amphipod was higher than neutral selectivity level across the season. Deleatidium sp. and 
Austrosimulium sp. larvae represented other preferable prey items at Site 1, with the highest 
selectivity occurring in the middle of the summer (Figure E2.9). A YoY trout inhabiting Site 
2 demonstrated selective feeding on Deleatidium sp. and chironomids larvae (Figure 
E2.10). In autumn, the imagos of amphibiotic insects were preferable prey items for YoY 
trout at both sites. The importance of Deleatidium sp. larvae decreased with the seasons at 
both locations, which was confirmed by ANOVA outputs for Site 1 (F1,48=5.5, p=0.023) 
and Site 2 (F1,29=4.1, p=0.045). No significant relationships of Chesson’s α with 




Figure E2.9. Seasonal dynamics of average Chesson α index showing selectivity of YoY trout 
on their most important prey items at Site 1. Each average was calculated based on the 
combined data from all fish individuals collected at each sampling event. 
 
 
Figure E2.10. Seasonal dynamics of Chesson α index showing selectivity of YoY trout on 
most important prey items at Site 2. See previous figure legend for details. 
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Positive seasonal dynamics of the size of prey items and higher proportion of large-sized 
invertebrates consumed by YoY trout were observed at Site 1. The corresponding t-test 
demonstrated significant differences between the YoY trout prey by size at two sites for all 
months except April and October (Table E2.8). According to the corresponding ANOVA 
outputs, at Site 1 the size of the prey items was significantly positively related to the month of 
sampling (F1,1273=68.1, p=<0.001). No significant temporal dynamics of the size of 
invertebrates from trout stomachs were revealed for Site 2 (F1,996=3.3, p=0.070). 
Table E2.8. Size composition and t-statistics outputs for YoY trout prey throughout the Austral 
summer 2016-2017 at Site 1 and Site 2. The size-specific component of the diet is represented 
as a percentage (%) of the number of measured individuals for each size interval (mm). 
Size 
interval, 
Oct Nov Dec Jan Feb Mar Apr 
mm Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 
0-0.9    4.6  3.6  3.0 5.3 2.6 0.3 1.0 7.7 1.4 
1-1.9 7.9 3.6 7.4 9.2 5.9 18.8 2.2 16.2 11.1 15.1 0.6 20.8 27.0 11.6 
2-2.9 23.7 18.2 5.9 16.9 13.4 24.1 12.6 22.3 6.4 13.4 6.0 25.9 29.7 24.6 
3-3.9 34.2 27.3 13.2 33.8 21.0 25.9 16.0 25.9 9.4 14.5 8.6 20.3 11.0 23.2 
4-4.9 15.8 27.3 17.6 16.9 18.5 8.0 17.7 12.2 11.7 14.2 15.2 9.6 6.5 15.9 
5-5.9 13.2 12.7 16.2 8.5 10.1 8.9 15.6 4.6 17.5 15.3 20.3 4.6 4.7 8.7 
6-6.9 5.3 10.9 25.0 6.9 17.6 3.6 20.3 6.6 25.7 12.2 26.7 7.6 5.3 7.2 
7-7.9   11.8 2.3 11.8 3.6 14.3 0.5 9.9 7.4 15.6 5.1 4.5  
8-8.9   2.9 0.8 1.7 2.7 0.4 4.1 0.6 3.4 4.4 2.0 2.7 2.9 
9-9.9      0.9 0.9 1.5 1.8 0.9 1.9 2.5 0.9 1.4 
10-10.9        1.5 0.6 0.6 0.3   2.9 
11-11.9        1.0       
12-12.9        0.5       
20-20.9          0.3     































N, ind. 38 55 68 130 119 112 231 197 171 351 315 196 338 69 
t statistics -1.78 6.34 5.49 7.18 2.95 13.13 -2.07 
df 78 127 228 369 402 357 119 
P value 0.078 <0.001 <0.001 <0.001 0.003 <0.001 0.051 
Notes: values of p < 0.05 confidence level are in bold; df, degrees of freedom. 
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Selective consumption of invertebrates by YoY trout was established for specific 
size classes of invertebrate drift. At both study sites, YoY trout preferred to consume larger 
prey items than the average size that were available for foraging (Figure E2.11). The 
Chesson’s α was above the neutral selectivity level for size 6-10 mm for both sites 
throughout the sampling period for all types of prey. Less selective feeding of YoY trout 
on invertebrates was evaluated for prey items with a size of 2-6 mm. The proportion of 
invertebrate drift preferable for YoY trout feeding varied between 51% and 91% of prey 
items used by fish as food. The seasonal variation of this proportion was higher at Site 1 
than at Site 2 (Table E2.9, E2.10). 
 
Fig. E2.11. Averages (±SE) of monthly values of Chesson α indices (solid line) indicating 
selective feeding of YoY trout on specific invertebrate size classes and size structure of 
invertebrate drift (dashed line) for Site 1 (a) and Site 2 (b). The average of the neutral 
selectivity level k-1 is indicated by the shaded area. 
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Table E2.9. Size composition and percentage of drifting invertebrates used by YoY trout as a 




Size composition of drifting invertebrates 
used by YoY trout as a food source, % 
Percentage of drifting invertebrates used by 
YoY trout as a food source, % 
Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr 
0-0.9 0.7 0.8 0.7 0.2 0.4 1.7 0.1 99.3 99.2 99.3 99.8 100.0 98.6 100.0 
1-1.9 9.9 14.1 21.0 14.8 9.0 26.9 27.7 98.0 93.2 84.9 87.4 100.0 73.7 99.3 
2-2.9 26.1 20.6 37.0 26.9 20.2 24.2 37.6 97.5 85.3 76.4 85.7 86.2 81.8 92.1 
3-3.9 27.9 23.5 18.5 16.1 19.4 11.8 18.5 100.0 89.8 100.0 99.9 90.0 96.8 92.5 
4-4.9 16.7 17.0 11.8 11.7 15.6 8.8 10.5 99.1 100.0 100.0 100.0 96.1 100.0 96.0 
5-5.9 10.5 13.8 7.5 13.7 16.2 10.4 4.8 100.0 100.0 100.0 100.0 100.0 100.0 99.9 
6-6.9 6.2 8.1 2.6 8.8 11.7 10.1 0.8 99.1 100.0 100.0 100.0 100.0 100.0 100.0 
7-7.9 1.8 1.4 0.8 6.8 6.5 4.7 <0.1 98.2 100.0 100.0 100.0 100.0 100.0 100.0 
8-8.9 0.1 0.4 <0.1 0.9 0.7 1.3 <0.1 99.9 100.0 100.0 99.6 99.9 100.0 100.0 
9-9.9 <0.1 0.3 <0.1 <0.1 0.3 <0.1 <0.1 100.0 99.7 100.0 100.0 100.0 100.0 100.0 
Total percentage of the invertebrate drift 









Table E2.10. Size composition and percentage of drifting invertebrates used by YoY trout as 




Size composition of drifting invertebrates 
used by YoY trout as food source, % 
The percentage of drifting invertebrates 
used by YoY trout as food source, % 
Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr 
0-0.9 0.4 0.9 1.0 1.5 2.4 0.0 0.3 99.6 100.0 100.0 100.0 100.0 100.0 100.0 
1-1.9 24.0 17.6 28.6 21.5 25.1 25.6 25.7 79.6 91.6 90.1 94.7 90.0 95.2 85.9 
2-2.9 31.4 25.0 31.8 33.4 31.1 31.3 32.1 86.8 92.0 92.3 89.0 82.2 94.6 92.6 
3-3.9 22.8 22.6 20.7 22.4 23.2 17.2 16.6 100.0 100.0 100.0 100.0 91.3 100.0 100.0 
4-4.9 10.3 18.3 10.0 9.7 7.6 10.5 8.2 100.0 98.6 98.0 100.0 100.0 99.1 100.0 
5-5.9 5.3 9.1 4.9 5.6 4.6 9.0 6.4 100.0 99.4 100.0 99.0 100.0 95.5 100.0 
6-6.9 3.5 3.8 2.0 2.2 3.3 4.5 3.8 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
7-7.9 1.8 2.2 0.9 2.2 1.1 0.6 2.9 98.2 100.0 100.0 98.3 100.0 100.0 97.1 
8-8.9 <0.1 0.2 0.1 0.1 0.5 0.6 0.6 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
9-9.9 0.2 <0.1 <0.1 0.3 <0.1 <0.1 3.5 99.8 100.0 100.0 100.0 100.0 100.0 98.0 
10-10.9 <0.1 0.2 <0.1 0.3 0.2 <0.1 <0.1 100.0 99.8 100.0 100.0 100.0 100.0 100.0 
11-11.9 0.1 <0.1 <0.1 0.5 0.5 0.3 <0.1 99.9 100.0 100.0 100.0 100.0 99.7 100.0 
Total percentage of the invertebrate drift 
preferable for trout feeding, % 63.9 81.5 80.5 81.0 63.5 84.1 73.5 
 
I applied dry mass data of invertebrate drift reduced using the proportion of prey 
items preferable for trout feeding (Table E2.9, E2.10), in order to model the stream carrying 
capacity for YоY brown trout for my study sites in Silverstream. There were two reasons 
for employing this method. First, the YoY trout primarily feed on invertebrates drifting in 
the water column, rather than those organisms inhabiting the benthic substrata. Second, the 
spatiotemporal variability of selective feeding of YoY trout on specific size of the prey 
items was much lower than taxa-specific trophic selectivity by the fish. The individual steps 
of stream carrying-capacity modelling are presented in Appendix F.
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Appendix F. The steps of Silverstream carrying capacity modelling 
Carrying capacity, represented as the number of YoY brown trout per area unit, was 
evaluated for each month at Silverstream sites 1, 2 and 3. The calculations were performed for 
each cell of every studied section of examined stream sites. The habitat-restricted maximum 
theoretical abundance of YoY trout for each cell was corrected by predicted fish energetic 
requirements and energetic value of drifting invertebrate prey items. Next, data from each cell 
were summarized to obtain section- and month-specific values of habitat-restricted theoretical 
abundance of YoY trout individuals adjusted with food limitations. Then, section- and month-
specific values of the theoretical abundance of YoY trout were divided by the area of each 
monitored section to obtain carrying capacity in units of YoY brown trout individuals per m2. 
The major steps of calculations are presented below: 
Step 1. Calculation of the weighted usable area (WUA) for YoY trout (m2). 
To calculate weighted usable area (WUA), the habitat suitability index (HSI) was 
assessed for three major environmental characteristics – water velocity, depth and substrate 
composition (Appendix D). For HSI computation, the forage ratio was calculated for each 
habitat category. The forage ratio is a proportion of the number of trout individuals in a specific 
habitat category to the number of samples of the analyzed habitat category. The habitat 
suitability index (HSI) for each habitat category was calculated by dividing the forage ratio by 
its maximal value. The HSI ranged from 1 – full preference, to 0 – complete avoidance (Jowett 
& Richardson, 2008). Water temperature was not considered for HSI evaluation because water 
temperature varied between 8.5 and 18oC during fish sampling, which is within the thermic 
tolerance limits of brown trout (Elliot, 1994). In addition, the effects of other factors such as 
flow can overweigh thermal effects (Holmes et al., 2014; Bergerot & Cattanéo, 2017). 
To evaluate the area of habitats suitable for YoY trout across the sampling period at the 
three locations of the model stream, the weighted usable area (WUA) was calculated following 
the algorithm utilized by the Physical Habitat Simulation (PHABSIM) Software (Milhous & 
Waddle, 2012). The weighted usable area was calculated for each of the cells of three 30m-long 
sections used for routine fish sampling across study sites 1, 2 and 3. The WUA calculation for 
individual cells was based on the inclusion of each habitat characteristic into the equation: 
WUA i= HSI vi × HSI di × HSI bsi × Ai, where: WUAi - Weighted useable area for cell i, vi - 
HSI for water velocity at the cross-section of the cell i, di - HSI for depth at cell i, bsi - HSI 




Figure F.1. An example of the habitat suitability evaluation procedure for the determination of 
weighted usable area (WUA) in one cell from Sutton et al. (2006). 
To estimate WUA at Site 3 in the headwaters of Silverstream, the habitat suitability data 
collected at sites 1 and 2 were used. This was done because it was not possible to collect 
representative HSI data at Site 3 due to low fish density. The monthly data on fish habitat 
preferences from sites 1 and 2 cannot be applied to Site 3 due to the differences in water 
temperature regime and size of the fish. Water temperature at Site 3 was the lowest across the 
stream from spring to autumn: at the time of data sampling, water temperature varied from 8.5 
oC in April to 12.4oC in February. The average fish size varied from 22.6 (±0.4 SE; 21.3-23.4) 
mm in November to 75.1 (±1.5 SE; 68.1-84.4) mm in April. Following this, the HSI values for 
flow, depth and bottom substrata were developed for Site 3 specifically for the listed values of 
water temperature and fish size. The HSI values presented in Appendix D4 and D5 were applied 





Step 2. Calculation of theoretical maximal number of YoY trout per cell (individuals) 
To estimate month-specific values of maximal number of YoY trout per cell of studied 
stream sections, the weighted usable area (WUA) of the cell was divided by the modelled 
feeding area (FA) of individual trout. The FA for individual trout were calculated by following 
equations: 
FA = Π*(FR)2, 
 
       (Hughes & Dill, 1990), 
        (Hughes & Dill, 1990), 
          (Jones et al., 1974), 
where FA is feeding area of individual trout (m2); Π – is Pi-number; FR – foraging radius (m); 
RD – reaction distance (m); mVel2 – cell-specific mean water column velocity (m/sec); Vmax – 
maximal sustainable fish speed (m/sec); FL – fork length of fish individual (cm); PL is the 
average length of prey (mm) consumed by trout at each of the month at sites 1, 2 and 3. For 
calculations of FA value for Site 3, the data on size of YoY trout prey items from Site 2 were 
applied due to the absence of a significant difference in size structure of invertebrate drift 
between sites 2 and 3 (Table E2.3.). 
Step 3. Evaluation of site- and month-specific values of daily energetic requirements of 
YoY trout (cal/day) 
To evaluate daily energetic requirements of YoY trout (Er, cal/day), Elliot and Hurley’s 
(1998) equation was applied: 
Er =  
where CMAX is the daily energy intake of a 1 g fish at TM , TM is the temperature at which daily 
energy intake is maximal; TL is the temperature at which energy intake is zero; TR = T and TS = 
TI for T ≤ TI; TR = TI and TS = T for T > TI; TI is the temperature close to 7 °C at which the slope 
generated by the model changes, and bI is the power which controls the degree of concavity 
below TI; T is the temperature of environment; bH = bL for T ≤ TM and bH = bR for T > TM, bL 
and bR are the powers that control the degree of concavity below and above TM, respectively; d 
is constant, wr - mean value site- and month specific fish mass, ε represents the independent 
homogeneous random errors from a normal distribution with a variance of σ2. Graphically, the 
daily energy requirements of individual juvenile brown trout in dependence of water 




Figure F.2. Theoretical daily energy requirements of brown trout with a body mass of 1-6 g at 
a temperature from 1-25oC, calculated using the formula in Elliot and Hurley (1998). 
Step 4. Evaluation of daily energetic value of drifting invertebrates entering the cell 
(cal/day) 
To evaluate the energetic value of drifting invertebrates entering the cell, the data on 
energetic content of possible prey items were used. The energetic content of the drifting 
invertebrates was estimated as calculated by Akbaripasand et al. (2014) who used the caloric 
values of the dry mass of invertebrates eaten by fish as food in coastal streams near Dunedin 
(New Zealand). The authors demonstrated low variability of energetic content of different 
taxa of both benthic and terrestrial drifting invertebrates used by stream-dwelling fish as food, 
a finding consistent with other published studies (Dauvin & Joncourt, 1989; James et al., 
2011). Consequently, I used the energetic value of 5621.4 cal per g of dry weight developed 
by Akbaripasand et al. (2014) as a constant to convert the dry weight of invertebrates to 
caloric values passing through the feeding area of individual fish as drift. 
To calculate caloric values of drifting invertebrates entering each stream cell, the cell- 
specific water velocity and area of upstream cell cross-section were applied to convert drift data 
collected at each sampling event. These calculations were done using the following three steps: 
1) conversion of invertebrate drift biomass collected by traps to values of drift biomass 
crossing the trap entrance in 24 h by applying the proportion (69.2%) of crepuscular drift 
biomass to daily drift biomass (Appendix E2), 2) conversion of site- and month-specific daily 
values of drift biomass to individual cell values using cell / drift net proportion for water 
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velocity and cross section area, 3) conversion of cell- and month-specific values of drift dry 
weight to caloric values. For these conversions, averaged data from drift nets were applied 
(Appendix E2). Drift data were not adjusted for current velocity because there was no 
relationship between water velocity and drift dry weight (Figure F.3). 
 
 
Figure F.3. Plot showing the lack of a relationship between dry weight of invertebrate drift 
(mg/m3) and water velocity (m/sec) at the Silverstream study sites during Austral spring to 
autumn 2016-2017. 
To calculate the amount of invertebrate drift usable by trout as prey items, the caloric 
values of prey entering each stream cell during 24 h were reduced proportionally to the 
percentage of the drift used by YoY trout as food. Following trophic selectivity of YoY trout 
(Appendix D2), I used site- and month-specific proportions of invertebrate drift suitable for 
trout feeding. The applied percentage varied from 50.9 to 91.1% at Site 1 and from 63.5 to 
84.1% at Site 2 across the sampling period (Table E2.9, D2.10). There was no significant 
difference in the size structure of invertebrate drift between sites 2 and 3 (Table E2.3.). Data on 
the proportion of the invertebrate drift preferable for trout feeding at Site 2 were applied for 
calculations used for Site 3. 
Step 5. Modelling of the depletion of prey abundance by YoY trout predation 
To model the possible effect of YoY trout predation on invertebrate drift, evidenced 
from the ability of the fish to deplete the abundance of prey items (Hayes et., 2016; Naman et 
al., 2016), the effect of YoY trout on drift was modelled. Previous studies experimentally 
demonstrated that stream-dwelling YoY trout had mean prey capture probabilities equal to 
76% during daytime (light intensity 300 lx) and 10% at nighttime conditions (light intensity 
0.1 lx) (Watz et al., 2013). Following this, I assume that fish capture 31% of the daily amount 
of drift entering each stream cell. At the same time, depletion by foraging fish is compensated 
by the lateral transport of invertebrates from adjacent cells and resuspension of the benthos 
(recruitment of new drift invertebrates from the benthos within that particular cell) from the 
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streambed. I used an equation for lateral transport developed and parameterized by 
Ciborowski (1983): 
s = β3 + β4√x+ β5*v, 
 
where s – standard deviation of mean distance from shore of suspended animals; β3, β4 and β5 
are the regression coefficients of the relationship between the standard deviation of the mean 
distance from shore of the suspended animals for Baetis tricaudatus (spring); x is the 
downstream distance from the point that the drift enters the cell (m); v is water velocity. To 
quantify the contribution of benthic invertebrates entering the drift by resuspension from stream 
bed, the equation developed by Hughes (1992) was applied: 
 
IR = (1 – e -R*0.5) * (1 – PC), 
 
where IR – proportion of invertebrates resuspended from stream bed, PC is the concentration 
of prey (proportion of unexploited concentration); R is coefficient calculated as R = 8.01 V-1.07; 
V – water velocity in cell. Thus, the possible dynamics of invertebrate drift abundance were 
predicted based on the effects of predation, lateral diffusion and resuspension from the 
streambed. 
Step 6. Evaluation of stream carrying capacity by the correction of theoretical maximal 
number of YoY trout per WUA (ind./m2) 
To model the stream carrying capacity, the theoretical maximal abundance of YoY trout 
at each of the cells (steps 1 and 2) was corrected by food limitations in the case if fish energetic 
requirements (step 3) exceeded the energetic value of food (step 4) affected by YoY trout 
predation compensated by the lateral transport of invertebrates from adjacent cells and 
resuspension of the benthos from the streambed (step 5). The general assumption of the model 
based on self-thinning of juvenile trout population (Keeley, 2003; Rincón & Lobón-Cerviá, 
2002; Hayes et al., 2010) is that in conditions of high fish density, food limitations drive fish 
elimination by out-migration or mortality (Wysujack et al., 2009; Jones et al., 2015). 
To predict fish energetic limitations, the effect of YoY trout energetic requirements on 
drift caloric content in conditions of different fish density was calculated and applied as a 
reduction coefficient for the maximal theoretical abundance of fish. Food limitations were 
modelled from an upstream cross-section to a downstream cross section of each stream cell in 
10%-steps to estimate the dynamics of energy flow through the cell with fish. The model 
assumes that at each 10%-segment of the cell, the caloric content of drift prey items is depleted 
proportionally to trout energetic requirements, density of fish and probability of prey capture. 
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At the same time, the depletion of prey items by fish is compensated due to lateral diffusion 
and resuspension of benthic animals to the drift (as explained above). With this assumption, the 
model will show a constant increase of drift prey items supplied to the cell from the upstream 
habitat in the absence of fish. The calculations for energy flow through each tenth cell segment 
were performed as follows: 
𝐸𝑜𝑢𝑡 = (𝐸𝑖𝑛 ∗ 0.31) − 𝑃𝑟 + 𝐿𝐷 + 𝑅𝑒𝑠, 
𝑃𝑟 = (𝐸𝑟 ∗ 𝐹𝑁 ∗ 0.1), 
𝐿𝐷 = 𝐸𝑖𝑛 ∗ 0.174 ∗ 𝐿𝑐 ∗ 0.1 + 0.007, 
𝑅𝑒𝑠 =  𝐸𝑖𝑛 ∗ 𝐼𝑅 
where Ein - caloric content of YoY trout prey entering 10% segment of the cell (cal/day); Eout  
– caloric content of YoY trout preys leaving 10% segment of the cell (cal/day); Pr – energy 
reduction by predation; Er – energetic requirements of fish (cal/day); FN - theoretical 
maximal number of YoY trout per cell (ind.); LD – lateral diffusion of drift; Lc – length of the 
cell (m); Res – resuspension of the drift from the streambed; IR – proportion of invertebrates 
resuspended from stream bed. If lateral diffusion and resuspension cannot compensate 
depletion of caloric content of the prey by predation across the cell, the maximum theoretical 
abundance of fish must be correspondingly manually reduced. The reduction procedure needs 
to be continued until the drift caloric content from the upstream-to-downstream border of the 
cell reaches a stable state. If this condition is implemented, the procedure of the correction of 
the maximum theoretical abundance can be completed. The corrected cell-specific values of 
maximum theoretical abundance of fish can be summarised for each of the studied stream 
sections for the final evaluation of stream carrying capacity. 
The application of the theoretical model can be demonstrated using data collected at 
Site 2 in April 2017 (Table F.1). The model predicts that in the absence of fish, drift caloric 
content will constantly increase (Fig F.4d). In conditions of maximal number of fish per cell, 
the model predicts drift depletion to zero soon after drift enters the upstream cross section of 
the cell (Fig F.4a). If fish number is reduced by 40%, drift will reach zero only after the 
middle of the cell (Fig F.4b). After reducing the fish abundance to 85%, no drift depletion is 
predicted, and drift caloric content is stable across the cell (Fig F.4c). Thus, the carrying 
capacity in that case can be evaluated as 15% of the theoretical maximal abundance of fish. 
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Table F.1. Predictions of energetic value of drifting invertebrates entering example cell with 
different YoY trout numbers at Site 2 in April. 
 
Value of caloric 
content of the 
preys entering the 
cell  
(Ein, cal/day) 
Caloric content of the drift entering the cell and affected by fish 
predation, lateral diffusion and resuspension of the benthos from 
streambed (Eout, cal/day) 
Proportion of 
maximal theoretical 
abundance of YoY 
trout  
Cell length 
10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 
2470 
1562 864 167 -531 -1229 -1927 -2625 -3322 -4020 -5539 100% 
1717 1142 568 -7 -582 -1156 -1731 -2305 -2880 -3455 85% 
1871 1420 969 517 66 -386 -837 -1288 -1740 -2191 70% 
2078 1790 1503 1216 929 642 355 68 -220 -507 50% 
2284 2161 2038 1915 1792 1669 1546 1424 1301 1178 30% 
2439 2439 2439 2439 2440 2440 2440 2441 2441 2441 15% 
2717 2840 2964 3087 3211 3334 3458 3581 3705 3828 0% 
 
 
Fig. F.4. Predictions of energetic value of YoY trout prey items entering the cell in 
conditions of 100% of maximal theoretical density of fish (a), in conditions of reduction of 
fish density by 40% (b), 85% (c) and in conditions of the absence of the fish (d). The data 
from Site 2 collected in April 2017 were applied for the modelling. 
 
